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I. INTRODUCTION 
A. General Background 
The transition metal-sulfur and selenium systems have 
been the objects of a large number of studies by many in­
vestigators. Jellinek (1) and Haraldsen (2) have reviewed 
work by Biltz and Kocher (3, 4, 5, 6), Ehrlich (7, 8, 9), 
Hahn (10, 11, 12, 13, 14, 15), Jellinek (16), McTaggert and 
Wadsley (17), Selte and Kjekshus (18) and many others. 
Three general methods were used by the early workers 
to prepare metal-rich sulfides and selenides. The first 
method involved placing stoichiometric mixtures of metal 
powder filings and chalcogen in clean fused silica tubes 
which were evacuated, sealed, and placed in resistance 
furnaces heated to between 800°C and 1300°C for periods of 
time varying from a few days to several weeks. The second 
method of preparation involved the thermal degradation of 
chalcogen-rich phases, and the third method employed H^S 
gas which was passed over the heated metal. 
The results of these preparations were phases with C/M 
ratios, where C is the chalcogen and M is the appropriate 
transition metal, greater than or equal to 1, and in no 
case were metal-rich chalconides (C/M £ 1/2) produced by 
these techniques. This failure to prepare equilibrium 
samples containing metal-rich phases may be due to kinetic 
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factors. It has been generally observed that the metal-
chalcogen reaction results in the coating of the metal by a 
chalcogen-rich phase which, at the temperatures used, is 
relatively impervious to further diffusion of the chalcogen, 
thereby blocking the complete reaction of chalcogen with 
the metal. The degradation method, on the other hand, results 
in phases with negligible chalcogen partial pressures at 
the reaction temperatures, resulting in a negligible rate 
of chalcogen loss. If the temperature of the furnace con­
taining the sample preparation tubes is significantly raised 
above 1000°C in an attempt to increase the reaction rates, 
the principal effect is an increase in the interaction of 
the transition-metal with the silica of the preparation 
tubes to form metal silicides and oxides. For example, 
Jellinek (1) reported that a claim by Biltz for the prepara­
tion of a titanium subsulfide formed by reaction of the 
elements in fused silica tubes was incorrect, and that the 
phase actually prepared was Ti^Si^. 
Recent work in the V-S system (19), the Ti-S system (20), 
the Hf-S system (21), and Nb-S system (22) demonstrated that 
new metal-rich chalconide phases were prepared at temperatures 
greater than 1300°C in containers that did not interact 
seriously with the sample. With these successful preparations 
in mind, it was decided to investigate the Ta-S system and 
the Group IVB transition metal-seleni\am systems with the 
3 
specific purposes of preparing metal-rich phases in these 
systems by high temperature techniques, characterizing the 
structures of these phases by X-ray crystallographic tech­
niques and comparing the structures of these phases with 
structures of known metal-rich phases. 
B. Incentives for Future Investigation 
An understanding of the phase relations and structural 
chemistry of the metal-rich chalconides is important for 
several reasons. A knowledge of the phases in these systems 
at elevated temperatures is necessary if one is to evaluate 
the high temperature chemical compatibility of a metal with 
a given environment. Thermodynamic data for these condensed 
phases would also be highly useful for such an evaluation. 
Vaporization studies require as a basis an understanding of 
the condensed phases present. In addition, these phases 
may well possess some properties of interest in material 
science since they are all refractory in nature and exhibit 
properties indicative of metallic conduction at room 
temperature. 
The determination of the structure is important from the 
viewpoint of understanding the nature of bonding in the con­
densed state which may in turn be useful in understanding the 
relationship between the properties and structure of a given 
phase. For example, one of the structural features of the 
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metal-rich chalconides, which suggests that the bonding of 
chalcogens in these solids is different from that usually 
assumed for sulfur or selenium, is the high chalcogen 
coordination, namely between seven and nine. Other new 
structural features were found in the metal-rich tantalum 
sulfides, and these will be discussed in a later section. 
C. Pertinent Background Literature 
1. The tantalum-sulfur system 
Biltz and Kocher (4) originally investigated the 
tantalum-sulfur system in 1938. Their method of sample 
preparation involved heating the elements in evacuated quartz 
tubes to 1100°C. They reported four phases present: a 
"tantalum-rich" subsulfide, TaS^ 3-1 q' ^ "sulphur-rich" sub-
sulfide, TaS^ ^; a tantalum disulfide, TaSgf and a 
tantalum trisulfide, TaS^. 
Hâgg and Schonberg (23) later studied this system in 1954. 
They prepared samples by heating the elements in evacuated 
silica tubes and by passing H^S gas over the metals heated 
to between 500°C and 900°C. They reported the existence of 
only a hexagonal tantalum disulfide, TaSg, which was found 
in four modifications a, 6, y, and 6. The forms B, Y and ô 
were found only with the TaS^ stoichiometry. The a form was 
found to have the CdfOHjg structure type, and was observed to 
exist over a homogeneity range with a metal-rich boundary 
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given by S/Ta = 1.6. They found no evidence for intermediate 
phases existing between Ta and TaSg, nor for any phase 
corresponding to TaS^. Bjerkelund, Fermor and Kjekshus (24) 
reported that the phase TaS^ is orthorhombic with space 
group C222^. 
Jellinek (16) also prepared a series of tantalum di­
sulfide polytypes: Is-TaSg, 2s-TaS2, Ss-TaSg, 6s-TaS2 
and random - TaSg with 1, 2, 3, 6 and a random number of 
TaSg repeat slabs per unit cell, respectively. Jellinek's 
findings with regard to the TaSg polytypes are summarized 
in the following paragraph. 
The structure of Is-TaSg is of the CdXOHÏg structure 
type, with space group P3m. In this structure the metal 
atoms are all octahedrally coordinated by sulfur atoms. 
This phase is the a-TaSg phase reported by Hagg and 
Schonberg, and also the only TaSg phase reported by Biltz and 
Kocher. The phase 2s-TaS2 is isostructural with NbSg (16), 
and belongs to the space group P6g/mmc. The metal atoms all 
have trigonal prismatic coordination in this structure. 
The phase 3-TaS2 reported by Hâgg and Schonberg is the same as 
the 2s-TaS2 phase. The 3s-TaS2 phase is isostructural with 
the rhombohedral form of NbS2, and belongs to the space group 
R3m. The metal atoms all have trigonal prismatic co­
ordination. The 6s-TaS2 structure is rhombohedral and belongs 
to the space group R3m. The metal atom coordination is of 
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two types, one half of them are octahedrally coordinated 
and the other half are trigonal prismatically coordinated. 
The Gs-TaSg phase is the G-TaSg phase reported by Hagg and 
Schonberg. 
Jellinek reported obtaining from a sample which had 
been heated for a relatively short period of time a dif­
fraction pattern which could only be indexed on a unit cell 
containing approximately one third of the volume of Is-TaSg. 
This phase, labelled random - TaSg, on further annealing 
yielded a mixture of ls-TaS2, Zs-TaSg, and Gs-TaSg. 
Jellinek also investigated some metal-rich tantalum 
disulfudes of the general form Ta^^^Sg, a>0; and his findings 
with respect to these phases are summarized in the following 
paragraph. 
The phase 2s-Ta^_j_^S2, 0.35^2^0.20, is isostructural with 
hexagonal 2s-Nb^^^S2 (D and belongs to space group P6^/mmc. 
The additional metal atoms (compared with 2s-TaS2) are 
randomly inserted into octahedral positions. The structure 
of Ss-Ta^^^Sg, x=0.15, is isostructural with rhombohedral 
3s-Nb^_^^S2 (1) , belonging to space group R3m. The additional 
tantalum atoms in this phase (with respect to 3s-TaS2) 
randomly occupy octahedral positions. The structure of 
6s-Ta^_j_yS2/ y-0.20, is rhombohedral, belonging to space 
group R3m. It was suggested that this phase is not closely 
related to the structure of 6s-TaS2, but is based on another 
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type of layer structure. The phases called y-TaSg and 
a-TaSg by Hâgg and Schonberg and the two subsulfides re­
ported by Biltz and Kocher were, according to Jellinek, mix­
tures of 2s-Ta^_^^S2/ 3s-Ta^_j_^S2/ and Gs-Ta^^^Sg. Jellinek 
makes no mention of any tantalum sulfide more metal-rich 
than 2s-Ta^_^^S2, z = 0.35. 
As discussed previously, the lack of knowledge con­
cerning the existence of metal-rich phases in the Ta-S 
system was thought to result primarily from the techniques 
previously used for sample preparation. It was therefore 
decided to investigate this system using high temperature 
techniques with the purpose of preparing metal-rich phases. 
It was a further purpose to characterize any new solids, 
especially by the techniques of x-ray crystallography. 
The lattice parameters, symmetry and space group for 
both the tantalum sulfides known prior to this research 
and the new tantalum sulfide phases known as a result of 
this research are listed in Table 1. 
2. The Group IVB - transition metal - selenium systems 
a. The titanium - selenium system The titanium-
selenium system has been investigated by McTaggert and 
Wadsley (17), who report finding an hexagonal TiSe2, an 
hexagonal Ti^Se^ and an hexagonal TiSe. These samples were 
prepared by either combination of the elements in evacuated 
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Table 1. Summary of phases in the Ta-S system 
Phase Lattice Lattice Space Reference 
Symmetry Parameters Group 
TaSg Monoclinic 1 
Is-TaSg Trigonal 
2s-TaS2 Hexagonal 
Ss-TaS^ Rhombohed] 
Gs-TaSg Rhombohed] 
random TaSg 
2s-Ta^_^^S2 Hexagonal 
0.35>z>0.20 
3s-Ta., Rhombohedral 
1-rX 2 
x=0.15 
65-Ta^^yS2 Rhombohedra! 
y=0.20 
Ta2S Orthorhombi< 
TagS Monoclinic 
a=36.79A 
c=3.340A 
a=3.36A 
b=15.ISA 
c=5.9OA 
^222^ 
P3m 
24 
1 
a=3.315A c=12.lOA P G g/mmc 1 
a=3.32A c=17.9A R3m 1 
a=3.335A c=35.85A R3m 1 
a=l.92A c=5.99A 1 
a=3.295A 
(z=0.20) 
c=12.45A P G g/mmc 1 
a=3.29A 
(2=0.35) 
c=12.65A 
a=3.31A c=18.2A R3m . 1 
a=3.315A c=35.2A R3m 1 
a=7.381A 
c=15.19A 
b=5.574A Pbcm 
O 
a=14.15A 
c=14.79A 
b=5.284Ao 
8=118.OlA 
C/2c 
^This research. 
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sealed silica tubes or by thermal degradation of the chalcogen-
rich phases to yield the more metal-rich phases. 
Gr^nvold and Langmehr (25) reported the existence of a 
TiSe^ gg with a MnP structure, a TiSe^ with a NiAs 
structure and the phase TiSe^ 20-2 00 ^^ioh is hexagonal 
at the metal-rich limit, becomes monoclinic upon addition of 
selenium, and then reverts to a hexagonal structure in the 
composition range TiSe^ 40-2 00' Their samples were prepared 
by heating the elements in alumina boats placed in silica 
tubes which were then evacuated, sealed and subsequently 
heated to between 600°C and 800°C. 
Bernusset (26) reported a trigonal TiSe^, a monoclinic 
TiSe^ gQ, a monoclinic TiSe^ ^3 a hexagonal TiSe^ 09-1 20" 
His samples were prepared by heating of the elements in 
evacuated and sealed silica tubes at temperatures between 
500°C and 1100°C. 
Chevreton and Brunie (27) report a monoclinic TiSe^ 
which is isostructural with V^Sg and V^Seg. They prepared 
their samples by heating the elements, at 800°C in evacuated 
and sealed silica tubes which first had a carbon coating 
deposited on them in an attempt to minimize interaction between 
the silica and metal. Brunie and Chevreton (28) reported 
finding an orthorhombic phase of unknown structure with the 
O 
stoichiometry Ti^Se^ with the lattice parameters a = 3.43A, 
O O 
b = 11.68A and c = 14.47A belonging to the space group Pnn2 
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or Pnnm. As result of the work described in this thesis, 
this phase has been shown by single-crystal X-ray techniques 
to have the stoichiometry Ti2Se and will be discussed later 
in this thesis. 
b. The zirconium - selenium system McTaggert and 
Wadsley (17) reported a monoclinic ZrSe^, whose structure 
has been determined by Kronert and Plieth (29) , an hexagonal 
ZrSe2 and an hexagonal ZrSe^-
Hahn and Ness (14) reported the existence of ZrSe^, a 
hexagonal ZrSeg, a tetragonal Zr^Se^, a ZrSe^ ^ with a 
WC structure. Their samples were prepared by reaction of 
the elements in evacuated and sealed silica tubes heated 
from 700°C to 1000°C. 
Solomons and Wiegers^ investigated the composition range 
between ZrSe and ZrSe2 at temperatures between 800°C and 
1200°C. They found Zr^^^Seg with the Cd(0H)2 structure, 
the Zr^Se^ phase reported by Hahn and Bess and a new phase 
Zr^Se^. The Zr^^e^ structure was determined and was found 
to be intermediate between NaCl and Cdl2. The Zr^Se^ 
structure was found to be isotypic with Ti2S2. They reported 
that the tetragonal phase Zr^Se^ reported by Hahn and Ness 
^Solomons, W. and Wiegers, G. A., Laboratorium voor 
anorganische chemie, Rijksuniversitat, Groningen, The 
Netherlands. The System Zirconium-Selenium: The Structures 
of the Phases Zr_Se. and ZrvSe^. Private communication. 
1969. ^ 
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is actually ZrSiSe. 
c. The hafnium - selenium system McTaggert and 
Wadsley (17) reported the existence of a monoclinic HfSe^/ a 
hexagonal HfSeg, and possibly a hexagonal HfgSe^. They 
reported that a powder pattern of HfSe could not be reliably 
indexed. 
The noticeable lack of knowledge, pointed out earlier, 
concerning the existence of metal-rich phases (C/jv|_< y) in 
the Ti-Se, Zr-Se, and Hf-Se systems probably resulted 
primarily from the previously used techniques of sample 
preparation. The investigation of these metal-selenium 
systems was conducted with the purpose of preparing metal-
rich phases and characterizing any new metal-rich phases 
found, especially by x-ray crystallography techniques. 
The lattice parameters, symmetry and space group for both 
phases in the Ti-Se, Zr-Se, and Hf-Se systems known prior to 
this research and new phases known as a result of this re­
search are listed in Table 2. 
Table ?.. Summary of phases in the Group IVB metal-selenium systems 
Phase Lattice Symmetry Lattice Parameters Reference 
m - c Ti-Se System 11002 hexagonal a=3.535A, 
O 
c=6.004a 17, 26 
hexagonal a=3.595A, c=5.99A 17 
TiSe hexagonal a=7.15A, c=12.00A 17 
95 hexagonal a=3.494A, c=6.462A 25 
05 hexagonal a=3.571A, c=3.539A 25 
go monoclinic a=3.608A, 
c=ll.94a, 
b=6.19A, 
6=90.33° 
26 
monoclinic a=13.66A, 
c=12.02A, 
b=3.571A 
6=152.92° 
26 
^^^^1.09-1.20 hexagonal a=3.572A, c=6.205A 26 
^^^^1.60 monoclinic a=12.39A, c=ll.95A, 
b=7.19A, 
6=90.60° 
27 
TigSe (TigSe^) orthorhombic a=ll.744A 
c=3.456A 
, b=14.517A 28, 
^This research. 
Table 2 (Continued) 
Phase Lattice Symmetry Lattice Parameters Reference 
ZrSe^ System monoclinic 
ZrSe, 
ZrSe 1.0-1.4 
ZrSe 0 . 6 - 0 . 8  
ZrgSe 
hexagonal 
rhombohedral 
hexagonal 
orthorhombic 
Hf-Se System 
HfSe^ monoclinic 
HfSe, 
HfgSe 
hexagonal 
Hexagonal 
a=3.42A, b=9.45A 
c=3.74A, 6=98.2° 
a=3.770A, c=6.137A 
a=5.337A, 0=89.39° 
a=3.55A, c=3.61A 
a=12.640A, b=15.797A 
c=3.602Â 
a=3.55A, b=3.72A 
c=9.47A, 3=98.3° 
a=3.748A, c=6.159A 
a=3.4502A, c=12.260A 
17, 29 
17 
14, 30 
14 
17 
17 
14 
II. EXPERIMENTAL TECHNIQUE 
A. Source and Purity of Metals and 
Chalcogen Used 
The tantalum sulfides investigated in this research were 
prepared using 99.999% sulfur acquired from the American 
Smelting and Mining Company and 99.99% tantalum from the 
National Research Corporation. 
The Group IVB transition-metal selenides were prepared 
using 99.999% selenium obtained from Alfa Inorganics Inc. 
and 99.93% titanium metal from the Chicago Development 
Corporation, 99.90% zirconium metal from the Westinghouse 
Electric Corporation and 99.9% hafnium metal containing 
0.02% zirconium metal purified at the Ames Laboratory of 
Iowa State University. 
B. General Sample. Preparation 
The metal in the form of sheet or bar was filed using 
a flat bastard file. The filing process was done in a 
plastic glove bag filled with argon. Before the file was used, 
it was cleaned by rinsing with dilute HCl, then rinsed with 
distilled water and finally rinsed with ethanol. The file 
was then immediately inserted into the argon filled glove 
bag. A strong magnet was kept in the glove bag during the 
filing and periodically passed over the metal filings to . 
remove any chips which may have broken off the file during the 
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filing operation. The metal filings were stored until used 
in small sample vials with an argon atmosphere. When 
sulfides were prepared the metal filings were weighed, and 
1.05 times the stoichiometric amount of sulfur was added. 
The sulfur above that needed for stoichiometry was added to 
allow for sulfur loss in transferring. In the case of the 
selenide preparations, the selenium was first weighed since 
it was in the form of rather large pieces of shot, and then 
stoichiometric quantities of metal filings were added. These 
mixtures were introduced by means of a funnel into clean 
8mm Vycor tubes sealed at one end. The tube with the 
chalcogen and metal filings was evacuated by a mechanical pump 
-2 to about 10 torr and was sealed off with a gas-oxygen torch. 
After the tube was cooled by air or water quenching, the tube 
was checked for leaks with a Tesla coil. If there were no 
leaks, the tube was placeain a resistance furnace at 400*0, 
and the temperature was raised to about 500°C after 
approximately one day. The tube was kept at 500°C until 
there was no visual indication of unreacted chalcogen in the 
sample tube. Next the sample tube was withdrawn from the 
furnace, air or water quenched to room temperature and broken 
open taking care to avoid contaminating the sample with Vycor 
fragments. A microscope using low power (X45) was used to 
examine the sample and to aid in the removal of pieces of 
Vycor. The samples were stored, until use, in sample vials. 
16 
Only in the case of the hafnium-selenium preparations was 
it found necessary to displace the air above the sample. 
The sample vial was, in this case, filled with argon to 
avoid reaction of the preparation with air. In cases in 
which hafnium-selenium samples were stored in air reaction 
of the sample was evidenced by a red color, presumably due 
to selenium, coating the walls of the sample vial. The 
products of the preparations in the silica tubes were a 
mixture of higher chalconides and unreacted metal. There 
was in no cases evidence of interaction of the metal with 
the silica of the tubes. No attempt was made at this stage 
of the sample preparation to use x-ray techniques to identify 
the phases present. 
C. High Temperature Annealing 
In all preparations, the samples prepared in the silica 
tubes were annealed in a tungsten Knudsen cell heated by 
radio-frequency induction in the arrangement shown in Figure 1. 
The temperature, duration of the heating and any other 
specifics pertaining to the preparation of a specific phase 
are given in a later section. The tungsten Knudsen cell and 
sample were maintained in a dynamic vacuum of 10 ^ torr by an 
oil diffusion pump backed by a mechanical pump. The residual 
pressure of the vacuum system was measured by a hot cathode 
ionization gauge. The temperatures of the Knudsen cells were 
Figure 1. Vacuum line used for high temperature annealing 
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measured by sighting on a small channel in the bottom of the 
cell with a Leeds and Northrup optical pyrometer. The observed 
temperatures were corrected for window and prism effects. The 
samples prepared in this fashion were quenched by radiation 
loss when the power to the coils was turned off. The sample 
and Knudsen cell were left in the vacuum for 24 hours after 
heating to insure that they cooled to room temperature be­
fore being exposed to the atmosphere. The vacuum was broken 
with an inert gas such as argon or nitrogen, and the sample 
was stored in a sample vial. In the case of the hafnium-
selenium preparations, it was found necessary to keep the 
sample under an argon atmosphere to avoid slow decomposition. 
All other phases discussed in this research were stable in 
air. 
D. Results of Spectroscopic Analyses 
Three typical samples, one of TagS, one of Ta^S, and one 
of Ta metal filings, were submitted for spectroscopic 
analyses to determine the impurities present, especially 
iron from the filing process, silicon from the preparation 
tubes and tungsten from the high temperature annealing in 
the Knudsen cell. The concentration of iron in each of the 
samples TagS and Ta^S was about 200 ppm whereas analysis of 
the filed metal indicated less than 100 ppm iron. Magnetic 
data, discussed below, suggest that the iron concentrations in 
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the TagS and Ta^S samples are considerably less than these 
values. There were 200 ppm of silicon in the TagS and Ta^S 
samples compared with less than 50 ppm of silicon in the 
filed metal. No tungsten was observed in any of the three 
samples. There were only negligible concentrations (< 20 ppm) 
of other metallic impurities present in the three samples. 
E. Analyses for Oxygen, Nitrogen, and 
Hydrogen in Metals 
Samples of Ti, Zr, and Ta metal filings were analyzed by 
a vacuum fusion method for the presence of oxygen, nitrogen, 
and hydrogen. The results of these analyses are summarized 
in Table 3. The concentrations for nitrogen are minimum 
values. The concentration of oxygen in the hafnium filings 
was probably not greatly different from 250 ppm, as reported 
by Graham (30) for filings obtained in a similar fashion from 
the same hafnium bar. 
Table 3. Impurities in metals 
Metal Oxygen (ppm) Hydrogen (ppm) Nitrogen (ppm) 
Ti 567 171 43 
Zr 521 39 34 
Kf 250 
Ta 167 8 25 
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III. X-RAY EXAMINATION OF POWDER SAMPLES PRODUCED 
BY HIGH TEMPERATURE ANNEALING 
X-ray examination of powder samples annealed at high 
temperatures was performed by the Debye-Scherrer and Guinier 
techniques. The Debye-Scherrer and Guinier cameras used 
had diameters of 114.6mm and about 80mm, respectively. For a 
description of the Guinier cameras see Guinier (31). The 
radiation used to obtain the Debye-Scherrer patterns was 
nickel filtered CuK radiation and to obtain the Guinier 
a O 
patterns was monochromatic CuK^^ radiation (X=1.5405A). An 
internal standard, KCl with a=6.29300+0.00009A (32), was 
mixed with the samples in the powder patterns obtained by 
the Guinier method. The method, involving the use of the 
internal standard, and the method of reading the Guinier 
films has been discussed by Westman and Magneli (33) and 
Graham (30). The dispersion values (H/d in which /is the 
distance between the primary beam and reflected beam and 6 is 
the Bragg angle for the same reflection) are 2.80 mm/degree 
for the Guinier method and 2.00 mm/degree for the Debye-
Scherrer method. Thus the resolution of relatively close 
lines is significantly better on Guinier patterns than on 
Debye-Scherrer patterns. Also, there are no systematic 
errors in the diffraction angles obtained from Guinier 
patterns due to absorption effects, as are encountered with 
diffraction angles obtained by the Debye-Scherrer method. 
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2 Guinier patterns were used to obtain sin 6 values in the 
low reflection region (28 £ approximately 50°). A least 
squares program by Williams (34) was used to obtain accurate 
2 lattice parameters from the sin 0 data. These lattice 
2 parameters and sin 6 data are reported in later sections. 
All diffraction data obtained in this research were obtained 
by room-temperature diffraction techniques. 
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IV. THE TANTALUM-SULFUR SYSTEM 
A. The Structural Determination of Ta2S 
1. Collection of intensity data 
The Ta2S phase was prepared as outlined in sections II,A 
and B. The final annealing temperature of 1600°C was main­
tained for 3 hours. 
A single crystal of TagS, picked from an arc-melted sample 
containing both Ta2S and Ta^S, was mounted on the end of a 
glass fiber by Duco cement. A Charles G. Supper Co, 
Weissenberg camera was used to take a rotation photograph 
and Ok^, Iki", and 2k/f layer photographs about the a-axis. 
Reciprocal lattice plots drawn from these layer photographs 
indicated that the lattice is orthorhombic. The following 
systematic conditions on the Miller indices were deduced 
for reflections to be observed: hk^, no conditions; hkO, no 
conditions; ho^,J^=2n; Ok/, k=2n; hOO, h=2n; OkO, k=2n; OO/, 
^=2n. These reflection conditions indicate that the centro-
symmetric space group is Pbcm. The Guinier powder pattern 
of a sample which exhibited diffraction lines attributed 
only to the Ta^S phase yielded data which resulted in the 
O O 
following lattice parameters: a=7 . 381 .002A, b=5. 574+0 . OOIA, 
O 
and c=15.195+0•003A. A pycrometric determination of the 
density of this sample using water at 24°C as the displaced 
medium yielded a value of 12.39 g/cc. The calculated density 
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of TagS based on 12 TagS units per unit cell is 12.46 g/cc. 
2 2 
The hk^ indices, sin 9^^j^^^,sin G^^alc) the estimated 
relative intensities of reflections for the TagS phase 
obtained from a Guinier powder pattern are listed in Table 4. 
o 
Table 4. X-ray diffraction data for TagS, X=1.5405A 
h k / I/I^xlOO 
0,0,2 1032 1028 50 
1/0,0 1085 1089 50 
1,0,2 2124 2116 10 
0,0,4 4116 4112 10 
2,1,1 6521 6521 15 
1,1,4 7106 7110 10 
2,1,2 7295 7295 18 
0,2,1 7887 7896 80 
2,1,2 8573 8577 80 
1,2,1 8789 8784 35 
0,0,6 9244 9249 25 
1,1,5 9416 9421 80 
3,0,0 9792 9802 25 
0,2,3 9943 9953 40 
1,0,6 10354 10338 50 
3,0,2 10826 10832 50 
1,2,3 11033 11038 100 
3,1,0 11726 11709 40 
2,2,1 
1,1,6 12242 
12253 
12247 100 
2,1,5 12680 12691 5 
2,0,6 13593 13605 40 
3,1,3 14027 14021 20 
2,2,3 14307 14307 20 
1,2,5 15148 15154 5 
2,1,6 15532 15519 35 
2,1,4 15817 15824 25 
0,0,8 16440 16446 10 
2,2,5 18419 18419 15 
1,3,2 19286 19300 5 
2,3,0 21565 21543 18 
1,3,4 22389 22389 15 
2,3,2 22592 22571 ID 
2,1,8 22732 22710 10 
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Using the crystal of TagS previously described to deter­
mine the proper space group for this phase, single crystal 
intensity data were initially collected using a General 
Electric spectrogoniometer and nickel filtered Cu 
radiation. After the single crystal orienter angles were 
obtained for three linearly independent reflections, the 
computer program SCO-6 by D. E. Williams^ was used to calcu­
late the orienter angles for all other reflections. Data 
were collected for 767 reflections in the range: 0°<26^160°. 
A second set of integrated peak intensity data was collected 
using a Hilger-Watts diffractometer coupled with an SDS 
(910)-IBM (1401) computer configuration described elsewhere 
(35). Mo radiation with a Zr filter was used to collect 
data for 1104 reflections in the range O°<20<_6O°. 
2. Absorption correction 
The calculation of accurate structure factors from in­
tensity data required that corrections be made for absorption 
of the incident and diffracted radiation. The absorption 
corrections are Calculated in the form of a transmission 
factor. A*, for each reflection by an evaluation of the 
integral. 
Williams, D. E., Department of Chemistry, Iowa State 
University of Science and Technology, Ames, Iowa. Single 
Crystal Orienter Program SCO-6. Private communication. 1964. 
a* = 1/v 
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v _ 
exp[-ij (r^+rg)JdV (1) 
in which V is the volume of the crystal used to collect the 
data, r^ and rg are the path lengths of the primary and 
diffracted beam, respectively, through the crystal and y is 
the linear absorption coefficient of the material comprising 
the crystal. The transmission factor coefficients were ob­
tained using a computer program by Busing and Levy (36) 
in which the integral is evaluated for each Bragg reflection 
by a Gaussian approximation. The calculation is based on 
the dimensions and orientation of the crystal. The dimensions 
and orientations of the crystal were obtained in the form of 
a set of linear equations, with one for each face of the 
crystal, expressed in the form 
Ax + By + Cz - D = 0 (2) 
in which A, B and C are the direction cosines of a normal 
from a chosen origin within the crystal to a given face and 
D is the length of that normal from the origin to that face. 
The single crystal of TagS was approximated by a volume 
which had six faces, requiring six equations relating 
direction cosines and normals from the origin to the six 
faces. A Bausch-Lomb Stereozoom microscope which had in one 
eyepiece a reticle calibrated against a series of lines 20 y 
apart etched into a glass slide was used to measure the 
dimensions of the crystal. The measured dimensions were 
27 
approximately ISp x20y x 140%. 
The linear absorption coefficient initially used in the 
solution of the structure with the Cu data had a value of 
-1 2330.9cm based on a guess that the structure had 14 Ta2S 
units per unit cell. Subsequent determination of the structure 
led to the value of 12 as the correct number of Ta2S units 
per unit cell. The correct values for the linear absorption 
-1 -1 
coefficients were 1110.7cm for the Mo data and 199 7.5cm 
for the Cu data. The transmission factor coefficients ranged 
from 0.1152 to 0.2156 and from 0.01402 to 0.1713, respectively, 
for the Mo and Cu data. 
3. Lorentz and polarization effects 
The Lorentz effect results from the disparity in the time 
during which the conditions for reflection are met for 
reflections with different Bragg angles. The polarization 
effect ..esults from the fact that the diffracted beam is 
partially polarized while the primary beam is not. These 
two effects are generally accounted for in one factor, a 
Lorentz-polarization factor Lp, of the form for single 
crystal intensity data taken on a diffractometer 
LP = (3) 
2 sin3.8 
where 0 is the Bragg angle of a particular reflection. 
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4. Structural solution 
a. The specific problem The intensity, I(hk^), of 
a given reflection, with Miller indices YikJ, can be expressed 
by the relationship: 
Khkf) = kLp A* IF (hkJg ) | ^, (4) 
in which k is a scale factor, Lp is the combined Lorentz-
polarization factor. A* is the transmission factor and 
|F(hki)I is the magnitude of the structure factor. 
The structure factor for a reflection hkj , F (h3<J( ) , is . 
related to the scattering powers of the j atoms composing 
the unit cell by the relationship: 
F (hk>?) = 2f. cos 2T7 (hx .+ky .+SZ . ) 
j D J J J 
+ iZf. sin 2tî (hx.+ky.+^z.) j 3 ] ] ] 
in which f^ is the scattering power of the jth atom at the 
fractional coordinates x, y, z in the unit cell. For atoms 
related by a center of symmetry the sine terms of the above 
equations will cancel, and the relationship for a structure 
containing a center of symmetry reduces to: 
F(hk^) = 2f. cos 2tt (hx .+ky .+iz . ) . (5) j 3 3 ' 3 3 
Thus the various F (hk/£) are not complex numbers in the 
centrosymmetric case but are real numbers, either less than 
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or greater than zero. The appropriate assignment of signs 
to the structure factors, the magnitudes of which are 
obtained from the observed intensities, constitutes the 
problem in a centrosymmetric crystal structure determination. 
For the space group Pbcm, the equation describing the 
structure factor, F(hkJ^), may be expanded and rewritten in 
the form (37): 
F(hk^) = 8 Sfj cos 277 (hXj+ j) cos 277 (kyj-
Q 
X cos 277 ( 2j+ . (5) 
b- The general method of solution A graphical 
method of obtaining unsigned unitary structure factors out­
lined by Woolfson (38) was used in the solution of the 
structure of TagS. 
The unitary structure factor for a reflection hk /, 
^hk^' related to the structure factor by the following 
relation : 
lUhk£l = lF(hki)l/Zfj , (7) 
where f^ is the atomic scattering factor uncorrected for 
thermal effects of the jth atom in the unit cell. The 
magnitude of Zf. is the maximum value for the magnitude of 
j ^  
^hk£• Clearly, 
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0 1 lohkfl 1 1 . (8) 
Harker and Kasper (39) derived a series of inequalities 
for unitary structure factors based on the Cauchy in­
equality : 
|E a b |2 < (I|a |2) (Z|bJ^) . (9) 
j : : j 3 j 3 
In the case of a centrosymmetric structure the structure 
factor possesses no imaginary component, and a very useful 
result of the Cauchy inequality can be obtained (38). This 
result is that, for sufficiently large structure factors: 
s(h,k,/)s(h',k',j')s(h+h',k+k',/+f')= +1 and/or (10a) 
s(h,k,^)s(h',k',^')s(h-h',k-k',f-^')= +1 (lOb) 
in which s(h,k,^) refers to the sign of the unitary structure 
factor . The minimum value of | | suggested by 
Woolfson for use in these relations is 0.40, which was also 
the minimum value of |] used in the solution of the 
structures of the TagS phase and the Ta^S phase. The above 
two equations (10a.and 10b) have been called triple-product 
relations (38). 
Therefore, if a sufficient number of unitary structure 
factors are sufficiently large in magnitude; and, if their 
signs can be interrelated by the triple-product relations, 
then positive or negative signs can be assigned to the 
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structure factors (38). These signed structure factors can 
then be used to calculate an election density map using the 
equation : 
00 CO 00 
p(XYZ) = ^ Z Z Z F(hki)exp[-27ri (hX+kY+^Z) ] 
h=—# ^ =—00 
(11) 
where p(XYZ) is the election density at the grid point X,Y,Z 
in the mapping and V is the volume of the unit cell. This 
equation can be reduced in the special case of a centro-
symmetric structure to 
p(XYZ) = i S E Z F(hki)cos2T; (hX+kY+J^Z) . (12) 
h k Z 
This map yields a trial structure. If this trial structure 
makes "chemical sense," e.g. there are no unrealistically 
short interatomic distances, then this trial structure, 
which may not contain all of the atoms in the structure, 
can be used to obtain signs for more structure factors than 
those assigned signs by the direct method. This enlarged 
set of signed structure factors may then be used to calcu­
late another electron density function, possibly locating 
additional atoms in the structure. Once all the atoms in 
the structure are found by repetition of this procedure, 
then refinement of the structure which will be discussed in 
section IV,5 can be accomplished. 
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c. The specific solution of the structure of TagS 
The Cu data were used to solve the TagS structure. It was 
decided to accept those data as "observed" for which 
c l / l  -  /Â+B / (B-A) < 0.25, 
in which a l  is the estimated standard deviation in the 
intensity, I, and in which B and A equal, respectively, the 
integrated peak intensity and the background intensity. All 
other reflections were considered "unobserved." According 
to this criterion, there were 366 observed reflections, or 
about 17 data per variable, in the final refinement, using 
the Cu data and 435 observed reflections, or about 21 data 
per variable, using the Mo data. 
The graphical method used to obtain unitary structure 
factors involved the calculation of the magnitude of the 
unitary structure factors from the intensity data. The 
ratio of the squares of the magnitude of the unitary structure 
factor to the intensity, ï^orr' ^ given Bragg reflection 
corrected for absorption and Lorentz and polarization effects 
2 
was computed. This ratio, o , is a function of 6 which 
combines a scale factor, k, and an overall thermal parameter, 
B, for all the atoms of the unit cell. 
In detail, the values were obtained as per the 
following description. The unitary structure factor is 
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defined by the relation: 
f. 
^hk2 ~ ^  exp[2ni(hxj+kyj+^^j)]] (13) 
where f^ is the atomic scattering factor uncorrected for 
thermal motion and , y^, z^ are the positional parameters 
for the jth atom in the unit cell. The square of the 
magnitude of the unitary structure factor, , is the 
product of and its complex conjugate, given by: 
• W "-4) 
f . 
= ZEfi—(exp[2ni(hx.+ky.+^z.)]] j J J J 
f. 
• Z exp [-2ni (hx^+ky^+^z^) ] ] . (15) 
i i 
This product can be simplified by substituting the unitary 
atomic scattering factor defined as: 
n 
n. = f. / Z f.. (16) 
J J j=l 3 
Combining terms, 
2 2 
= En . + E E n. n. exp [27ri [h (x.-x. )+k (y .-y. ) j ] ij -* J 1 
+^(z-z^)] . (17) 
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For a general reflection, the term containing the cross-
product will not equal zero. However, for most distribu-
2 tions of unitary scattering factors, if values of 
are summed over a sufficiently large number of reflections 
with phases varying between 0 and it , the second term on the 
right of equation 17 will tend to zero since there will be 
as many positive terms as negative terms in the sum (40, 41). 
This is equivalent to requiring that the distance between 
any two atoms be greater than one half the minimum spacing 
of the reflections considered (41). Therefore, to a first 
approximation, the average for a sufficiently large number 
of reflections is given by: 
= z kj' • <") 
The average square of the magnitude of the unitary scatter­
ing factor, II , the average of the square of the unitary 
2 
scattering factor, E n^ , and the average corrected in­
tensity, & given region of 6 sufficiently small 
2 
such that 6 is essentially constant, are related by: 
Thus o "  can be readily calculated as a function of 8  using 
tabulated atomic scattering factors, f^, and the observed 
corrected intensities. Woolfson (38) suggests that a range 
2 
of 0.05 in sinG for the calculation of |and 
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is both sufficiently large that the interval contains suf­
ficiently many data that Equation 19 is valid and is 
2 
sufficiently small that 4) is essentially constant over the 
interval for most distributions of structure factors. 
Values of corrected intensity data, ^corr' all 
reflections for the Cu data were serialized in increasing 
order of sin0, where 9 is the Bragg angle. The intensity 
value for each first octant reflection was multiplied by 
its relative weight in the total reciprocal lattice: 1 
for an hOO,OkO, or 00/ reflection; 2 for an hkO, hO/, or 
Oh£. reflection and 4 for an hk^ reflection for which h^O, 
k^O, and^0. The weighted intensity data for regions of 
sin8=+0.05 starting with sin0=O.O5 were summed. If an 
allowed reflection had an observed intensity of zero, it was 
assigned one half of the minimum intensity observed in its 
sin0 range and the adjacent two sinB ranges. The average 
of the weighted intensities was computed for each sine 
region by dividing the weighted intensity sum by the weighted 
number of reflections in the sin0 region. The number of 
reflections, the weighted number of reflections and the 
average weighted intensity for the various sin0 ranges are 
listed in Table 5. The data for neighboring sin9 regions 
were combined to determine the average sin0 and average 
weighted intensity values which are listed in Table 6. The 
average weighted intensity value, ï^orr' sin© equal to 
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Table 5. Number of reflections, weighted number of re­
flections and the average weighted intensity per 
SinO region 
Sine Number of Reflections 
Weighted Number 
of Reflections 
Average Weighted 
Intensity 
1—1 O
 1 
o
 
o
 1 2 — — 
0.1-0.2 11 20 5,950 
0.2-0.3 23 54 15,840 
0
 1 
ro o
 36 105 47,960 
in 0
 1 
o
 60 176 8,742 
0.5-0.6 88 273 18,485 
0
 1 
O
 110 352 12,532 
O
 1 o
 
00
 
141 477 6,882 
a
\ o
 
1 C
O o
 186 630 6,666 
0.9-1.0 187 637 3,704 
0.10 was not determined due to lack of sufficient data in 
the sin0 region 0.0 to 0.10. 
The evaluation of means of Equation 18 re­
quires a knowledge of the number and kinds of atoms in the 
unit cell. In the case of the TagS structure, it was 
initially guessed that there were 14 TagS units per unit cell. 
Using this supposition, the values of | I were calculated 
for values of sin6 in increments of 0.10 starting with 
sin6=0. The atomic scattering factors used in this research 
were given by Hanson, Herman, Lea and Skillman (42) . The 
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results of the evaluation of are listed in Table 7. 
2 Values of sin0, 6 and cj) are listed in Table 8. A plot of ip 
versus sin0 (data from Table 8) is given in Figure 2. 
Magnitudes of unitary structure factors, were calcu­
lated from the relation = O/I^orr' interpolated 
values of 6 from Figure 2. These magnitudes were only 
evaluated for reflections for which sin0 > 0.300 because the 
region of the graph for which sin0 _< 0.300 was poorly deter­
mined, presumably a result of an insufficient number of 
observed reflections for this portion of the low angle 
region. 
The Cu data yielded 41 unitary structure factors with 
magnitudes greater than or equal to 0.4 0 for Bragg angles, 
0, such that sinS > 0.30. These unitary structure factors 
comprised approximately 11% of the observed reflections. 
In the solution of the structure by the direct method, 
it is possible to assign signs to one, two or three unitary 
structure factors, subject to restrictions discussed below. 
This arbitrary selection of signs fixes the origin at one 
of the centers of symmetry. In a centrosymmetric triclinic 
unit cell, there are eight possible independent centers of 
symmetry in the unit cell which can serve as origins. These 
centers are located at 0,0,0; 1/2,0,0; 0,1/2,0; 1/2,1/2,0; 
1/2,0,1/2; 0,1/2,1/2; and 1/2,1/2,1/2 in a given unit cell. 
The effect of arbitrarily choosing structure-factor signs 
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Table 6. Mean weighted intensity per average sinG region 
for TagS 
Average sin6 Mean Weighted 
Region Intensity 
0 . 2 0  
0. 30 
0.40 
0.50 
0.60 
0.70 
0 . 8 0  
0.90 
13,135 
37,038 
23,390 
14,667 
15,132 
9,281 
6 ,759 
5,176 
Table 7. Calculation of |u|^ for TagS (Cu data) 
sinO 
^Ta 14fg - E f .  
"Ta 
(xlO"2) 
"s 
(xlO"3) (xlO'S) 
2 
n Ta 
(xlO"3) 
""s 
(xlO"") 
28n,J^  
(xlO"2) 
|u|2 
(xl0"2 
0.2 13.4 66.8 188. 1870. 2058. 3.25 6.51 4.20 1.06 5.90 2.97 3.03 
0.3 11. 6 62.4 162. 1747. 1909. 3.27 6.08 3.70 1.07 . 5.20 3.00 3.05 
0.4 9.9 57. 8 139. 1618. 1757. 3.29 5.63 3. 20 1.08 4.50 3.02 3.07 
0.5 8.8 53.6 123. 1501. 1624. 3.30 5.42 2.90 1.09 4.10 3.05 3.09 
0.6 8.1 49.6 113. 1389. 1502. 3.30 5.39 2.90 1.09 4.10 3.05 3.09 
0.7 7.5 45.4 105. 1271. 1376. 3.30 5.45 3.00 1.09 4.20 3.05 3.09 
co o
 6.9 42.2 97. 1182. 1279 . 3.30 5.39 2.90 1.09 4.10 3.05 3.09 
0.9 6.3 39.2 88. 1098. 1186. 3.30 5.31 2.80 ' 1.09 3.90 3.05 3.09 
/ 
Figure 2. Graph of phi, cj), vs. sinO for Ta2S (Cu data) 
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2 Table 8. and cj) values for an average sinG region for 
tags 
Sin0 0^ X 10"® 0 X 10 3 
0.20 2.31 1.52 
0.30 0.82 0.91 
0.40 1.31 1.14 
0.50 2.11 1.45 
0.60 2.04 1.42 
0.70 3.33 1.82 
0.80 4.57 2.14 
0.90 5.97 2.44 
(phases) is shown in the following specific example. Con­
sider the general structure factor fer a centrosymmetric 
structure : 
F(hk^) = Zfj cos 27t (hXj + ky^ (20) 
"with the origin initially at 0,0,0. The effect of shifting 
the origin from 0,0,0 to 0,0,1/2 is to change the structure 
factor to 
F'(hk^) = Zfj cos 2%[hXj + ky^ + /(z. + 1/2)] (21) 
which can be rewritten as 
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F'(hki) = Efj cos 2it (hxj+kyj+^ j ) cos (tt/) 
- Sfj sin 2-(hXj+kYj+^z j ) sin (tt/) (22) 
/] JL 
for which sinirf =0 for all integral values of Z and cos (tî ) = {-1). 
Therefore, F'(hk£)=(-1) F(hk/), and changing the origin 
from z=0 to 2=1/2 alters the sign of F(hk£) when ^  is odd. 
Shifts from an origin 0,0,0 to the other sites mentioned 
above yield similar results. Thus structure factors with 
all indices even are unaffected by any of these shifts, and 
structure factors with odd indices, after a shift of one 
half along the corresponding axes, are changed in signs. 
Shifts involving a translation of one half with respect 
to two or three axes result in a change in sign of the 
structure factor if the sum of the Miller indices of the 
affected axis are odd and in no changes if this sum is 
even. Table 9 summarizes the sign changes from an initially 
positive set of reflections for the origin 0,0,0 for all 
possible sets of parities, even(e) or odd(o), of hk/£ 
reflections (33). 
As a result of the variety of possible origins in the 
crystallographic unit cells it is possible to assign arbitrary 
signs to one, two or three structure factors subject to 
certain restrictions. No sign assignment can be made to a 
structure factor whose indices are all even since the signs 
of the group of structure factors are structure invariant. 
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Table 9. Parities of hkjf reflections 
Origin eee eeo eOe eOO Oee OeO OOe 000 
O
 
o
 
o
 + + + + -r + + + 
^,0,0 + + r + - - - -
o
 
o
 
+ + — — + + 
-
-
r-
||rl 1 
o
 
o
 + - + - + - + -
J'2'^ + — — — - 4- + 
-
-r — — + - 4-
n - -0'2'2 + - - + + - - 4-
1 1 1  
2'2'2 + - + + -
i.e., the signs of these reflections are independent of the 
origin chosen for the cell. Signs cannot be assigned to 
more than one reflection from each parity group of Table 9, 
and the parity of these three assigned reflections cannot 
be linearly related. 
The origin in the structure of TagS was fixed by assign­
ing phases to three unitary structure factors from the set 
of unitary structure factors for which ^ 0.40. These 
three unitary structure factors had the following respective 
Miller indices, parities and assigned signs: 1,2,3,(GeO),(+); 
2,5,3(eOO),(+); 2,3,4,(eOe),(-). The assignment of signs 
to additional unitary structure factors in this .set was 
accomplished by use of the triple product relations: 
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s(h,k,i)s(h',k',)s(h+h',k-rk',/+/) = +1 (10a) 
and 
s(h,k,£)s(h',k',^')s(h-h',k-k',/-/•) = +1 (10b) 
described earlier. 
In detail, this procedure can be exemplified by using 
these relations to assign a few signs, s(hkj?) for reflections 
in this set. Thus, for example, 
s(1,2,3) • s(1,2,3) = s(0,4,0), (23) 
where 
s (1,2,3) = + by assignment (24) 
and where 
s(1,2,3) = -s(1,2,3) (25) 
by symmetry conditions of the space group Pbcm. Therefore, 
s(0,4,0) = - . (26) 
Furthermore, by combining the signs for U-, ^ ^ and 
Uq 4 0' the sign for ^ ^ can be obtained: 
s(1,2,3) • s(0,4,0) = s(1,6,3). (27) 
Therefore, s(1,6,3) = (+)(-) = - . 
Similarly, using the signs of U, - ^ and , and noting J. f Z f ^ X f Z f ^ 
that 
8(1,2,3) = -5(1,2,3) (28) 
due to space group symmetry. 
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s(2,0,6) = s(l,2,3) • s(l,2,3), (29) 
and 
s(2,0,6) = ( + ) (-)=-. (30) 
By continuing this procedure, it was possible to assign 
signs to all 41 unitary structure factors in the set. 
A Fourier electron density function was obtained using 
a computer program by D. Dahru^ and the 41 structure factors 
with assigned signs. This function indicated the presence 
of five strong peaks in the asymmetric unit cell: one half 
of the length of the a-axis, the full length of the b-axis, 
and one quarter of the length of the c-axis. A "trial 
structure" was proposed with five Ta atoms in the positions 
of the five peaks. An electron density function was calcu­
lated on the basis of this trial structure, and this function 
clearly indicated the presence of two possible sulfur 
positions in the asymmetric unit cell. 
5. Structure refinement for Ta2S 
The structure thus obtained was refined by least-squares 
computation (4 3). The scattering factors given by Hanson, 
Herman, Lea and Skillman (42) were corrected for both real 
and imaginary dispersion for both the Cu and Mo sets of data 
^Dahm, D., Department of Chemistry, Iowa State Univer­
sity of Science and Technology, Ames, Iowa. General 
Fourier Program. Private communication. 1967. 
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using the values given in the International Tables for 
Crystallography (44). 
In the case of the data obtained using Cu radiation and 
refinement using isotropic temperature factors, the structure 
refined until the unweighted reliability index, defined by 
R = E||F^|-klF^!1 / IlF^I (31) 
where k is the scaling factor and F and are the observed 
and calculated structure factors, respectively, was 0.10 0 
for the 36 5 observed reflections. The data obtained with 
Mo data were refined using isotropic temperature factor 
coefficients until the unweighted reliability index was 
0.095 for 435 observed reflections. The positional and 
thermal parameters for both Mo and Cu data are listed in 
Tables 10 and 11, respectively. Graph 1, written using a 
computer program written by S. Porter^, lists the observed 
and approximately 40% of the unobserved structure factors, 
indicated by an asterisk (*), for the Mo data. The unweighted 
reliability index for these data is 9.8%. 
All signs assigned by the direct method agreed with those 
obtained for the structure. 
"^Porter, S. , Department of Chemistry, Iowa State 
University of Science and Technology, Ames, Iowa. A Computer 
Listing Program. 1967. 
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Table 10. Positional and thermal parameters from Mo 
radiation for Ta^S 
Atom Wyckoff Notation l O ^ X / a  lO^Y/b lO^Z/c 
Ta(l) e 966+4 89 33+8 901+2 0.36+5 
Ta(2) e 2 84 3+4 3945+8 1542+2 0.28+5 
Ta(3) d -93+7 6307+11 2500 0.22+6 
Ta (4) d 3526+6 8742+11 2500 0.41+7 
S (1) c 1834+33 2500 0 0.29+31 
S (2) e 4092+29 772 4+4 2 939+12 1.13+2 8 
Table 11. Positional and 
radiation for ' 
thermal parameters 
ra^s 6 
from Cu 
Atom Wyckoff Notation lO^X/a lO^Y/b lO^Z/c B 
Tad) e 969+4 8930+9 900+2 1.01+7 P 
Ta(2) e 2841+5 3952+9 1541+2 1.0 6+8 
Ta(3) d -90+7 6305+15 2500 0.9 4+8 
Ta(4) d 3528+7 8709+13 2500 1.09+9 
S (1) c 1809+38 2500 0 1.36+39 
S (2) e 4132+27 7651+49 955+14 1.63+29 
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6• Weighting scheme for intensities 
A weighting scheme based on the estimated reliability 
of each reflection was used in the refinement of the structure 
of Ta2S. A weighting scheme based on estimated errors, 
primarily, was used in the least squares treatment of both 
sets of data. The weights were assigned by calculating a 
relative error in the magnitude of the structure factor for 
_2 each reflection, namely, the weights were taken to be (aF) , 
where 
a F  =  [ ( 3 F / 5 I ) 2 ( 3 1 ) 2  +  ( 3 F / 3 A ) 2 ( a A ) 2  
1 
+  ( a F / 3 L Ï Ï )  2 ( a L ^ )  2 ] 2  ^  ( 3 2 )  
In this expression cri is the estimated error in the 
measured intensity of a reflection and is taken as /A 4- B 
in which A and B are respectively the total peak count and 
background peak count for a given reflection. The term crA 
is the estimated error in the reciprocal of the transmission 
factor coefficients and was taken to be 0.05 for all re­
flections in both Cu and Mo sets of data. The term crLp 
is the estimated error in the reciprocal of the combined 
Lorentz and polarization corrections and was evaluated by 
the expression: 
c r L p  =  ( 3 L p / 3  ( 2 c r )  ) a ( 2 a )  ,  ( 3 3 )  
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for which the estimated error in 26, a (20), was taken as 
0.02°. Equation 32 was obtained using the propagation of 
errors treatment for the relationship: 
I = kA*Lp |F|^, (34) 
where I is the measured intensity, Lp is the combined 
Lorentz-polarization correction factor. A* is the trans­
mission factor coefficient, |F| is the magnitude of the 
structure factor and k is a scale factor. The weights calcu­
lated in this fashion were revised using a computer program 
written by S. Porter"^, so that the line obtained when 
( I I - |k?^ i ) ^/(crF) ^ was plotted versus ] F^ 1 had approximately 
zero slope. After refinement, the quantity referred to as 
the standard deviation of an observation of unit weight, 
defined by: 
1 
{I[(1f^i-jkF^j)^/(aF)^]/(m-n), (35) 
for which m. is the number of observed reflections and n is 
the number of variables,were 1.051 and 0.871, respectively, 
for the observed reflections in the Mo and Cu cases. For 
the data in Graph 1, the value of this quantity is 0.938. 
"Porter, S., Department of Chemistry. Iowa State 
University of Science and Technology, Ames, Iowa. A 
heights Change Computer Program. Private communication. 
1 9 6 7 .  
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7. Fourier difference analyses 
A difference Fourier function was calculated for each 
set of data using all observed reflections. In the case of 
the Mo data, the synthesis indicated an approximately 2 
electron peak above the position occupied by Ta(l), i.e., 
x=0.097, y=0.893, z=0.090, and a second peak of the order 
of l.S electrons at x=0.32S, y=0.611, and 2=0.032. All 
other residual peaks were less than 1.7 electrons in magni­
tude. In the case of the Cu data, there were 2 peaks at 
x=0.1G9, y=0.889, z=0.145 and at x=0.297, y=0.389, 2=0.097, 
corresponding to a peak height of 3 electrons. Each of these 
o 
peaks was within 1 A of the center of a Ta atom. All other 
peaks from the Cu data corresponded to scattering by less 
than 2.6 electrons. It was concluded from the absence of 
corrrron residual peaks in the difference Fourier synthesis 
for the Cu and Mo data that the residual peaks in the 
difference Fourier maps were due to errors in the data. 
8. Drawing of the structure of Ta^S and the interatomâc 
distances 
The Thermal Ellipsoid Plot computer program written 
by Johnson (45) was used to draw a projection of the structure 
down the b-axis with the radius of the atoms arbitrarily chosen 
to be proportional to Slater's radii (46) for the elements. 
This view is illustrated in Figure 3. The interatomic 
Figure 3. Projection of the Ta.S structure on the 
plane 
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distances obtained using Johnson's program are listed in 
Table 12. The upper limits to the uncertainties in these 
interatomic distances are estimated to have the following 
values: O.OOSA (Ta-Ta) , 0.02A (Ta-S) , and 0.03A (S-S). The 
results from the Mo data were used for these calculations. 
B. The Determination of the Structure of Ta,S 5 
I. Collection of intensity data 
The TagS phase was prepared as described in sections 
II,B and C with a very important modification. The tungsten 
cell used in this preparation did not have an orifice in 
the lid as it did for most preparations. This modification 
in the construction of the cell resulted from the observation 
that samples of the approximate stoichiometrv Ta,S tended 
- - d 
to lose a sulfur bearing vapor species on heating to about 
1600°C, leaving behind proportionately large amounts of 
metallic tantalum in the condensed phase. The final anneal­
ing temperature for the Ta,S preparation was 1620°C. 
^ o 
Due to a very high incidence of twinning in this phase, 
a single crystal suitable for the determination of the 
structure was found only after numerous attempts. This 
crystal was mounted on the end of a glass fiber by Duco 
Cement. A Charles C. Supper Co. Weissenberg camera was used 
to take a rotation photograph and hO/, hi/, and h2-£ 
Weissenberg layer photographs with rotation about the b-axis. 
Reciprocal lattice plots from these layer photographs indi-
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Table 12. Bond distances for Ta^S 
Reference 
Atom 
Neighbor Number of 
Neighbors 
Distance(A) 
Ta(l) S(2) 
S (1) 
S(l) 
Ta(3) 
Ta(3) 
Ta(2) 
Ta (4) 
Tad) 
Ta(l) 
Ta(2) 
Ta(2) 
Tad) 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
2.403 
2.497 
2.604 
2.840 
2.942 
2.975 
3.079 
3.131 
3.169 
3.255 
3.267 
3.307 
Ta{2) S (2) 
S(2) 
S (1) 
Ta(3) 
Ta(2) 
Ta(3) 
Tad) 
Ta (4) 
Ta (4) 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2.475 
2.534 
2.587 
2.897 
2.910 
2.923 
2.975 
3.051 
3.085 
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Table 12 (Continued) 
Reference 
Atom 
Neighbor Number of 
Neighbors 
0 
Distance(A) 
Tad) 1 3.255 
Tad) 1 3.267 
Ta (4) 1 3.284 
Ta (3) Ta (3) 2 2.790 
Ta (1) 2 2.840 
Ta (2) 2 2.897 
Ta (4) 1 2. 908 
Ta (2) 2 2.923 
Ta (1) 2 2.942 
Ta (4) 1 2.995 
Ta (4) 5(2) 2 2.474 
Ta (3) 1 2.908 
Ta (3) 1 2.995 
Ta (2) 2 3.051 
Tad) 2 3.079 
Ta (2) 2 3.085 
Ta (2) 2 3.284 
S (1) Ta(l) 2 2.497 
Ta (2) 2 2.587 
Ta(l) 2 2.604 
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Table 12 (Continued) 
Rcierence 
Atom 
Neighbor Number of 
Neighbors 
o 
Distance(A) 
S (2) Ta(l) 1 2.403 
Ta (4) 1 2.474 
Ta(2) 1 2.475 
Ta (2) 1 2.534 
Gated that the lattice is monoclinic. The following syste­
matic conditions on the Miller indices for reflections were 
observed : 
hk£,h+k=2n; hkO,h+k=2n; h0/,h=2n,/£=2n; OkO, k=2n. 
These conditions for the observation of reflections indicated 
that the centrosynraetric space group is C2/c. 
Single crystal diffraction data were collected using 
the Hilger-Watts diffractometer with an SDS (910) - IBM 
(1401) computer configuration previously described in section 
I V , A , 1  in conjunction with the data collection for the 
Ta_S phase. MoK radiation was used with a Zr filter to 2 a 
collect data for all reflections in the range 0°<29_<60° 
in octants hk^, hki, hk/, and hk/. Lorentz and polorization 
corrections were applied as described in section IV,A,3. 
Absorption corrections, based on the crystal's rectangular 
prismatic shape (about 40^ x 30v x lOy) determined from 
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photographs taken of the crystal by H. Baker, were computed 
as described earlier (Section IV,A,2). A linear absorption 
-1 
coefficient of 1413 cm for MoK radiation was used to 
a 
obtain the integrated absorption corrections. The values of 
the transmission factor coefficients ranged from 0.0330 
to 0.2352. ^obs for hkjZ. and hk-£ were averaged for 
common h, k, and À indices in the symmetrically equivalent 
octants. The lattice parameters were determined at 25°C 
from a Guinier pov/der photograph indicating lines attributable 
only to Ta^S using KCl, a=6.29300+0.00009A (32) as an 
o 
internal standard and CuK radiation, a=1.5405A. The 
ai 
lattice parameters determined by least squares treatment 
o o 
of the powder data are: a=14 .158+0. 004-OA, b=5 . 284 + 0 . OOIA, 
c=14.789+5A and 6=118.01°+0.02°. The hki indices, 
? 2 
sin~6 , , , , sin S , and the estimated relative intensi-iODSj (calc) 
ties of reflections for the Ta,S -ohase obtained from, a 6 
Guinier powder photograph are listed in Table 13. A pyco-
nometric determination of the density of this sample using 
water at 24°C as the displaced medium yielded a value of 
15.18 g/cc. The calculated density of Ta^S on the basâs of 
8 formula units per unit cell is 15.20 g/cc. 
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Table 1 3 .  X-ray diffraction data for Ta^S, a= 1 . 5 4 0 5 A  
h k i sin^e, , ,xlO^ sin^G , , .xlO^ I/I xlOO {ODS} (calc) o 
0  0  2  1388 1392 1 0  
2  0  0  1 5 2 4  1 5 1 9  5  
- 3  1 1  
- 3  1 2  4871 
4867 
4886 1  
0 0 4 5 5 6 1  5 5 6 9  1  
3  1 1  6923 6 9 1 4  1  
0  2  0  8480 8499 2 5  
0  2  1  8863 8848 60 
3  1 2  8992 8982 2 5  
- 3  1 5  9 1 1 3  9123 70 
- 1 1 5  9 5 0 8  9498 2 0  
- 5  1 3  9621 •  9 6 3 1  25 
2 0 4 9818 9318 2 0  
0 2 2 9885 9396 20 
- 5  1 1  1 0 2 6 3  10258 1 0 0  
- 5  1 4  1 0 3 7 5  1 0 3 5 9  80 
- 6  0  2  10951 10968 5 5  
- 2  2  3  1 1 1 1 0  1 1 1 0 4  85 
0  2  3  1 1 6 3 1  11636 9 0  
3  1 3  1 1 7 4 3  11748 60 
0 0 6 1 2 5 2 3  1 2 5 2 9  1  
-2 2 4  1 2 8 5 4  12854 1  
1  1  S  12919 12913 5  0  
- 4  2  3  1 3 6 1 7  13611 7 0  
—  6  0  6  1 3 9 1 2  1 3 9 0 6  5  
0  2  4  1 4 0 8 2  14069 1  
2. Structural solution 
The method used to determine the structure of Ta,S was 6 
analogous to that employed in solving the structure of Ta^S. 
It was decided to accept those data as "observed" for 
which al/I, as defined in section IV,A,4,c, was less than 
or equal to 0.40. The remainder of the reflections were 
considered to be "unobserved." According to this criterion, 
there were 65 8 "observed" reflections. 
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The graphical method, as described in section IV,A,4,c, 
was used to calculate the magnitude of the unitary structure 
factors from the intensity data. 
The method of evaluation of |U|^ for a given range in 
values of sin6 was modified slightly to account for the 
fact that that space group of Ta^S was centered and not 
primitive as was "the case in Ta^S. 
The unitary scattering factor, n^, for a primitive 
cell was defined by the relationship: 
N 
n_ = f. / Z f. (36) 
J j=l ] 
for the N atoms in the unit cell. However, in a centered 
cell, this relationship can be slightly modified to account 
for the centering condition which, in the case of the space 
group 0.2/c., places an atom at 1/2+x, l/2+y,z in the unit 
. cell for each at x,y,z. This can be expressed as: 
N/2 
n, = f. / 2 Z f. . (37) 
J ] j=l ] 
2 2 Accordingly |U| for a centered cell, call this value, 
can be evaluated from the expression: 
N/2 
!u |2 = 2 Z 0. 2 , (38) 
j=i : 
N/2 N/2 _ 
= 2 Z (f./2 Z f.)^, (39) 
j=i : j=i ] 
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t n/2 n/2 _ 
= y Z (fV ^  f.) . (40) 
^ j=l =1 j=l ^ 
But the contents of the entire centered unit cell can be 
divided into two equivalent halves, each of which is a 
simple primitive cell containing one half of the total 
number of atoms in the centered cell, in which the atoms in 
one primitive cell are related to those in the other •orimi-
2 live cell by the centering condition, and ju] for the 
primitive cell, call this value {|^, can" be written as: 
n/2 n/2 
0.1^ = j ('4/ î fj)^. (41) 
° j = l ' j = l •* 
2 2 Combining equations 40 and 41, ju | and |u | are related 
c ' ' 0 
bv the relationship; 
= l/2|upi^ . (42) 
Consequently, o for a centered cell is given by the rela­
tionship : 
2 
= lu^i /(2-icorr' • 
Tnereiore, 
a 
2-icorr • = > 
Values of corrected intensitv data, I , for all 
corr 
reflections were serialized in increasing order of sinS 
(5 is the Bragg angle). The intensity datum for each 
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reflection was multiplied by its relative weight in the 
reciprocal lattice according to the following scheme: 
2 for an hOO,Ok.O, or OOX reflection, 4 for an OkZ reflection, 
2 for an hkO, hkO, hO-£, or an hoX reflection, and 4 for 
an hk/^ or an hkJ- reflection for which h^O, k^O, and . 
The weighted intensity data for regions of sin6+0.05, starting 
with sinG=0.05, were averaged. If an allowed reflection 
had an observed intensity of zero, it was assigned one half 
of the minimum intensity observed in its sin6 range and the 
adjacent two sin6 ranges. The average of the weighted 
intensities was computed for each sinS region by dividing 
the weighted intensity sum by the weighted number of 
reflections in the sin6 region. The number of reflections 
and the average weighted intensities for the various 
sinS ranges are listed in Table 14. The data for neighboring 
sinS regions were combined to determine average weighted 
intensity values for ranges of average sin6. These data 
.are listed in Table 15. 
The evaluation of |U.| requires a knowledge of the 
numbers and kinds of atoms in the unit cell- In the case of 
the Ta^S structure, it was guessed that there were 8 Ta^S O o 
units per unit cell of the centered cell. Using this supposi-
2 tion, the value of I for a centered cell were calcu­
lated for values of sin8 in increments of 0.100 starting 
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Table 1 4 .  Number of reflections, weighted number of 
reflections and the average weighted intensity 
per sin9 region 
Sin G  Number of Reflections 
Weighted Number Average Weighted 
of Reflections Intensity 
o
 
o
 
1 o
 
. 1  3 4  8 0  1 6 . 4 4  
0 . 1 - 0  . 2  1 8 6  5 9 6  3 5 4 . 4 4  
0 . 2 - 0  .  3  5 3 0  1 7 5 5  2 1 5 . 3 8  
O
 
1 r
o
 o
 .  4  CO
 
3 2 6 6  1 6 2 . 5 2  
o
 
1 o . 5  1 5 6 6  5 5 8 8  1 1 1 . 5 6  
Table 1 5 .  Mean weighted intensity per sinS region 
Aver age Sin6 M.ean Weighted Intensity 
0.10 312.29 
0.20 249.51 
0.30 181.00 
0.40 130.36 
with sir.0=C. The results of the evaluation of I| ^ are 
2 listed in Table 15. Values of sin6, 6 and o are listed 
• c • c 
in Table 17. A plot of ç versus sinS (data from Table 17) 
i-s given in Figure 4. The magnitudes of the unitary structure 
ractors, |U,, <1 .were calculated from the relation : 
riK/. • 
•''^corr'hki 
Table 15. Calculation of |U|for Ta^S 
^Ta ^^^Ta (xlO~^ 
0.10 13.00 66.00 52.0 1584.0 1636.0 4.034 
0.20 9.45 56.50 37.8 1356.0 1393.8 4.054 
0.30 7.73 47.25 30.9 1134.0 1164.9 4.056 
0.40 6.60 40.00 26.4 960.0 986.4 4.055 
0.50 5.59 34.25 22.4 822.0 844.4 4.056 
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"s -2 
(xlO 
^ Ta 
2 
(xlO -) 
24n^ 
(xl0~ (xlO'S (xlO~") -ù. (XlO -) 
0.795 16.273 0.632 390. 55 2.53 393.08 196.54 
0.678 16.435 0.460 394. 44 1. 84 396 .27 198.14 
0.164 16.451 0.441 394. 82 1.76 396.59 198.29 
0.669 16.443 0.448 394. 63 1.79 396.42 198.21 
0.662 16.451 0.438 394. 82 1.75 396.58 198.29 
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2 Table 17. ^ and 
c c 
for an average sinG region 
s in 6 2 -4 
0.10 0.6294 0.793 
0.20 0 .7941 0.891 
0.30 1.0955 1.047 
0.40 1.5204 1.233 
using the interpolated values frora Figure 4. 
The Mo data yielded 10 5 unitary structure factors with 
magnitudes greater than or equal to 0.40. These unitary 
structure factors comprised approximately 16% of the 
observed reflections. 
As discussed in section IV,?i,4,c, signs can be assigned 
to one, two, or three structure factors subject to certain 
restrictions. In the solution of the structure of Ta^S, 
due to the existence of centering in the unit cell, only 
two unitary structure factors could be assigned signs to 
fix the origin. These two unitary structure factors from 
the set of those for which ! I _> 0.40 had the following 
respective Miller indices, parities and assigned signs : 
2 ,2,3, (e,e,o) , (-f) and 3,1,3, (o,o,o) , (-r) . The assignment 
of signs to additional unitary structure factors in this set 
was accomplished by use of the triple product relations as 
discussed in section II,A,4,c. One unitary structure factor 
Figure 4. Graph of phi, vs. sinS for Ta^S 
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possessing the set of Killer indices 4,2,5 was assigned 
the variable sign b. Accordingly, by using the triple 
product relations, it was possible to assign signs to all 
106 unitary structure factors of this set with one variable 
sign. 
Two Fourier electron density functions were computed 
using a computer program by D. Dahm^ and the 106 structure 
factors with assigned signs and with the variable sign, b, 
positive for one function and negative in the other function. 
Both maps contained six strong peaks per asymmetric unit. 
o 
There was an unreasonably shor-c Ta-Ta distance (2. ISA) in 
the asymmetric cell obtained with the variable sign positive. 
Accordingly, the atomic positions implied with the variable 
sign negative were used as atomic positions in a trial 
structure. The electron density map calculated on the 
basis of this trial structure clearly showed one possible 
sulfur position in the asymmetric unit. 
3. Structure refinement 
The structure thus obtained vras refined by least-squares 
computation (43). The scattering factors given by Hanson, 
Herman, Lea and Skillman (42) were corrected for both real 
and imaginary dispersion using the values given by the 
International Tables for Crystallography (44). 
^Dahm, ibid. 
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The structure was refined until the unweighted reliability 
index, R, using isotropic temperature factors was 6.6% for 
the 66S "observed" reflections, about 23 reflections per variable 
in the refinement. The positional and thermal parameters for 
TagS are listed in Table 18. Graph 2, written using a com­
puter program written by S. Porter^, lists the "observed" 
and approximately 14% of the unobserved reflections. The un­
weighted reliability index for these data is 6.8%. The posi­
tional and thermal parameters for these two sets of F , 
oos 
data agree within the standard deviation of the related 
parameters in Table IS. All signs assigned by the direct 
method agreed with those obtained for the structure. 
4. Ifeightinq scheme for intensities 
A weighting scheme analogous to that described for 
Ta^S in section IV,A,6 was used. The standard deviation of 
an observation of unit weight, as defined by Equation 35, 
was 1.29 for the 6 68 "observed" reflections. 
5. Fourier difference analyses 
A difference Fourier synthesis was performed using all 
observed reflections. The synthesis indicated a peak 
attributable to approximately 1.3 electrons at x=0.410, 
y=0.826, and z=0.200. An examination of the F^^^ Fourier 
^Porter, OP. cit., a computer listing program. 
aph 2. Observed and calculated structure factors 
(xO.lO) for Ta^S (*="unobserved", of. tex 
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Table IS. Refined positional and thermal parameters for 
Ta^S using the 663 "observed" reflections. All 
atoms occupy eightfold general positions (f) 
X V £ of the space group C2/c 
Atom 10"X/a lO^Y/b lO^Z/c 
0 2 
B(A^) 
Ta (1) 2480+3 4067+7 2518+3 O o
 
Ta (2) 34 01+2 6568+9 4547+3 0.26+5 
Ta (3) 4364+2 1628+8 4051+2 0.13+5 
Ta (4) 35 8 + 2 146 0+8 1740+3 0.12+5 
Ta (5) 2111+2 1475+8 3969+3 o
 
o
 
Ta (6) 1063-2 6795+7 3173+3 0.06+5 
S(l) 3920+15 9139+41 437+16 0.51+30 
synthesis a t this positio n indicated no posi tive peak. All 
other peaks corresponded to one elec tron or less. These 
small peaks found in the difference Fourier synthesis do 
not necessarily lie on positions of positive electron con­
centration in the ? . Fourier. It was therefore concluded OÛS 
that the small peaks in the difference Fourier synthesis 
were due to errors in the data. 
6. Drawing of the structure of Ta^S and the interatomic 
distance 
The Thermal Ellipsoid Program written by Johnson (45) 
was used to draw a projection of the structure down the b-axis 
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with the radii of the Ta and S atoms chosen to be proportion­
al to Slater's radii (46) for the elements, this view is 
illustrated in Figure 5. The interatonic distances, listed 
in Table 19, were also obtained using this program. The 
Oak Ridge Fortran Function and Error Program by Busing, 
Martin, and Levy (4 7) was used to determine the errors in 
the interatomic distances. The average error in the Ta-Ta 
o 
distance is 0.005A; the average error in the Ta-S distance 
is 0.02OA. 
Table 19. Bond distances in Ta^S 
Reference 
Atom 
Neighbor sumner or 
Neighbors 
Distance (A) 
Ta-1 
Ta-2 
•i'a-D 
Ta-5 
Ta-3 
Ta-3 
Ta-6 
Ta-2 
Ta-6 
Ta-4 
Ta-4 
Ta-2 
S-1 
Ta-1 
Ta-3 
Ta-5 
Ta-5 
Ta-4 
Ta-5 
Ta-3 
Ta-6 
Ta-3 
2 2.644 
2.755 
2.828 
2.873 
2.290 
2.953 
2.964 
2.979 
3.001 
3 n r* o • o vj t 
3.008 
2.525 
2.964 
2.966 
3.00s 
3.010 
1 3.055 
3.071 
1 3.138 
3.14 0 
1 3.188 
1 3.208 
3.237 
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Table 19 (Continued) 
Reference 
Atoûi 
.ghbor Number of 
Neighbors 
Distance 
S-1 1 2.448 
S-1 1 2.529 
Ta-1 1 2.873 
Ta-1 1 2.890 
Ta-4 1 2.911 
Ta-2 1 3.010 
Ta-5 1 3 .055 
Ta-3 1 3.055 
Ta-4 1 3.069 
Ta-5 1 3.138 
Ta-2 1 3.188 
Ta-6 1 3.227 
Ta-2 1 3 .237 
3-1 1 2.503 
Ta-4 1 2.869 
Ta-3 ]_ 2.911 
Ta-1 1 3.001 
Ta-1 1 3.004 
Ta-5 3.058 
Ta-3 1 3.069 
Ta-6 1 3.094 
Ta-2 1 3.138 
1 3.1/3 
Ta-6 1 3-2.2 
Ta-6 3.387 
S-1 1 2.435 
S-1 1 2.489 
Ta-1 1 2.795 
Ta-1 1 2.828 
Ta-6 1 2.839 
Ta-5 1 2.921 
Ta-2 1 3.055 
Ta-4 1 3.058 
Ta-2 1 3.071 
Ta-3 1 3.138 
Ta-2 1 3.140 
Ta-6 1 3.140 
Ta-4 1 3.143 
o 
(A) 
Ta-3 
Ta-4 
Ta-5 
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Table 19 (Continued) 
Reference Neighbor Number of Distance (A) 
Atom Neighbors 
S-1 1 2.465 
Ta-6 1 2.722 
Ta-5 1 2.839 
Ta-1 1 2.953 
Ta-2 1 2.966 
Ta-1 1 2.979 
Ta-3 1 3.055 
Ta-4 1 3.094 
Ta-5 1 3.140 
Ta-2 1 3.208 
Ta-4 1 3.222 
Ta-3 1 3.227 
Ta-4 1 3.387 
Ta-3 1 2.448 
Ta-5 1 2.465 
Ta-5 1 2.485 
Ta-5 1 2.489 
Ta-4 1 2.503 
Ta-2 1 2.525 
Ta-3 1 2.529 
gure 5. Projection of the Ta^S structure on the 
plane 
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V. THE PREPARATION AND X-RAY CHARACTERIZATION 
OF THE GROUP IVB DIXiETAL SELENIDES : 
Ti^Se, Zr^Se, Hf2Se 
A. Ti.Se 
1. Collection of intensity data 
The Ti^Se phase was prepared as outlined in sections II, 
A and B. The annealing temperature was 1580°C. maintained 
for 3 hours. 
A Charles G. Supper Co. VJeissenberg camera was used 
to take rotation photographs and hkO and hk,^ Weissenber.g 
layer photographs about the c-axis of a crystal of Ti2Se. 
Reciprocal lattice plots from these layer photographs indi­
cated that the lattice is orthorhombic. The following 
systematic conditions on the Miller indices were observed: 
hky2, no conditions; Ok/, k4vf=2n; hO^, h4v^ =2n; hkO, no condi­
tions; hOO, h=2n; OkO, k=2n; 0 0^, ^=2n. These system.atic 
conditions for observed reflections indicated that the centro-
symcaetric space group is Pnnm. A comparison of the Weissen-
berg layer photographs for Ti^Se and for Ti2S (20), which 
exhibits the Ta^P (48) structure type, indicated that the 
two phases Ti^S and Ti2Se are isostructural. 
Single crystal diffraction data were collected using 
the G. E. spectrogoniom.eter for the Ti2Se phase as described 
in section IV,A,1. CuK^ radiation was used with a Ni filter 
to collect data for hkO, hki, hO^, and Ok^ reflections for 
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0°<2G_<90°. Lorentz and polarization corrections were applied 
as described in section IV,A,3. Absorption corrections, 
based on the crystal's rectangular prismatic shape 
(approximately 35ii x 28ii x 100%) determined from photographs 
by H. Baker, were computed as described earlier. A linear 
absorption correction of 271.8 cm for CuK radiation was 
a 
used to calculate the absorption correction using Busing 
and Levy's program (36). The lattice parameters, determined 
at 25°C from a Guinier powder photograph, using KCl, 
a=6 . 29300 j_0 . 00009A (32) as an internal standard and CuK 
o o o ^1 
radiation, a= 1 . 5 4 0 5 A, were : a=ll. 7 4 4 J 2 3 A ,  b=14 . 517J^3A, 
c=3.45o4-r8A. The hk/^ indices, sin^O , , ,, sin?5, , , and 
— (obs) (calc) 
estimated relative intensities from a Guinier powder photo­
graph are listed in Table 20. The calculated density for 
Ti^Se on the basis of 12 Ti^Se units per unit cell is 
5.91 g/cc. 
After the intensity data were taken, it was discovered 
that the crystal used to collect the data was twinned. The 
examination of the Weissenberg layer photographs, indicated 
that the crystal was twinned and that both twins were almost 
equal in size. Single crystal intensity data were taken for 
about 25 reflections from both crystals comprising the twin, 
and the magnitude of the respective intensities for these 
reflections were approximately equal. Despite the fact that 
the crystal was twinned, it was decided to attempt to refine 
20 
I 
0 
0 
0 
1 
0 
0 
1 
G 
1 
1 
1 
1 
1 
1 
0 
0 
0 
1 
1 
0 
x-ray diffraction data for Ti2Se, a= 1 . 5 4 0 5 A  
2 8 4 8  2 8 4 5  1 
4 9 2 4  4 9 3 5  5  
4 9 8 8  4 9 9 6  1 0  
5 2 4 2  5 2 4 6  10 
5 4 0 2  5 3 9 4  8  
6 2 1 8  6 2 2 7  '  1  
6 4 0 1  6 4 0 5  1  
6 9 8 1  6 9 6 7  1 5  
7 1 7 3  7 1 6 4  3  
7 5 1 0  7 5 0 1  8  
7 7 9 8  7812 3 0  
8828 8838 20 
9118 9118 30 
9218 9218 30 
9890 9901 30 
10152 10137 10 
1 0 9 0 3  1 0 9 0 8  1 3  
11575 11580 10 
11181 11192 100 
11369 
11369 1 0 0  
11391 
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Table 20 (Continued) 
h k i Y xlOO 
o 
1 5 1 12437 12431 20 
2 1 12972 12977 30 
5 3 0 13290 13319 20 
3 4 1 13343 
3 6 0 13991 14009 10 
1 7 0 14228 14222 25 
5 0 15255 15261 15 
5 1 1 16015 16002 20 
1 S 0 18466 12466 18 
0 0 2 19867 19861 70 
4 6 21990 21983 10 
6 3 1 23017 22988 5 
the s ncture • usiner the i: ntensity data. 
2. S tructure refinement • of TigSs 
It was decided to accept those data as ob served for 
v;hi ch 
-
I/I, as defined in section IV,A,6, was less than 
or eq ua 1 to 0. 25. The remainder of the reflec ûion s were co: 
sid er ed to be "unobserved . " AcCO rding to this cri terion, 
the re were 205 "observed" reflect ions. 
Us ing the positions of the r espective Ti and S atoms i 
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Ti2S as initial positions for the respective Ti and Se atoms 
in Ti^Se, the structure of Ti2Se was refined by least-squares 
techniques (4 3) using one isotropic thermal parameter for 
the Ti atoms and one isotropic thermal parameter for the Se 
atoms. The unweighted reliability index for this refinement 
of the structure of 1.2%. There were 20 variables in this 
refinement, resulting in about 10 reflections per variable 
parameter. The thermal and positional paramieters obtained 
from this refinement are listed in Table 21. Table 22 
lists the hk/, F , , and F , values for the 205 "observed" 
obs caj.c 
reflections. 
The interatomic distances v/ere calculated using a program 
written by D. Bailey^, these values are listed in Table 23. 
3. Weichting scheme for intensities 
The weights for the refinement of the structure of 
Ti^Se were based on a statistical treatment of rhe intensity 
data similar, but not identical, to that used in the structure 
determination of Ta^S and Ta^S. 2 o 
According to Equation 4 : 
I = kLp A* ! F 1^, 
"Bailey, D., Department of Matallurgy, Iowa State 
University of Science and Technology, Ames, Iowa. Bond 
Distances Computer Program. Private communication. 1967. 
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Table 22 (Continued) 
^ ^obs ^calc ^ ^ ^ob 
1 5 1 23 -22 0 13 1 23 -23 
2 5 1 8 -S ]_ 13 1 17 -18 
3 5 1 9 9 2 13 1 17 17 
4 5 1 11 11 3 13 1 10 11 
10 5 1 12 -17 0 15 1 20 20 
16 5 1 13 12 9 15 1 14 -16 
3 6 1 14 15 11 15 1 15 18 
4 6 1 21 21 2 17 1 17 -17 
7 5 1 9 8 2 18 1 16 -18 
9 6 1 10 -9 7 19 1 15 -14 
17 6 1 15 -12 0 21 1 20 -17 
0 7 1 15 -14 6 0 2 17 -15 
1 7 12 13 8 0 2 15 -14 
2 7 1 3 -8 12 0 2 13 13 
3 7 1 S — 8 18 0 2 17 -14 
5 7 13 15 0 6 2 23 - 2 0  
S 7 1 41 41 0 3 2 9 -8 
13 7 1 13 12 0 10 2 14 
5 8 17 -13 0 12 2 11 10 
7 S 1 10 -9 0 14 2 20 20 
12 8 20 20 0 16 2 15 -15 
13 S 20 15 0 18 2 -14 
17 8 1 8 -7 0 22 2 15 -12 
0 9 1 11 11 1 0 3 10 -10 
2 9 10 -10 3 0 3 15 -13 
3 9 1 21 -22 7 0 3 13 14 
5 9 21 -22 9 0 3 17 15 
S 9 15 -13 0 3 3 9 7 
1 10 -I 12 -12 0 5 3 35 32 
2 10 1 "î 2 14 0 7 3 11 -10 
3 10 1 26 -26 0 9 3 10 8 
10 1 14 16 0 13 3 18 -17 
5 10 1 23 23 0 15 3 15 15 
8 10 
-14 0 6 4 13 -11 
10 10 8 -9 
21 10 15 10 
1 14 
3 11 1 21 - 2 2  
11 15 -14 
6 11 1 11 10 
8 1 15 -15 
1 12 9 10 
5 12 1 15 -14 
12 12 -10 
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Table 23. Bond distances in Ti^Se 
o 
Reference Neighbor Number of Distance (A) 
At03 Atom Neighbors 
Ti (1) 
Ti (2) 
ri (3) 
Ti (4) 
?i (5) 
Se (2) 2 2.64 
Se (3) 2 2.R4 
Ti (4) 2 2.91 
Ti(4) 2 3.05 
Ti (5) 1 3.31 
Ti (6) 2 3.35 
Ti(3) 1 3.40 
Se(l) 2 2.59 
Se (3) 2 2.64 
Se (2) 1 2.88 
Ti(3) 2 2.95 
Ti (5) 2 3.18 
T X ( 4 ) 2 3.19 
Ti(5) 1 3 .38 
Ti(6) 1 3.40 
Se (2) 2 2.58 
Se il) ]_ 2.62 
Ti(G) 2 2.85 
Ti(6) 2 2.94 
Ti(2) 2 2.95 
Ti(3) 1 2.99 
Ti (5) 1 3.26 
Ti (4) 1 3.40 
Se (3) ]_ 2.64 
Se (2) ]. 2.67 
Se(l) T_ 2.75 
Ti (1) 2 2.91 
Ti(5) 2 2.96 
Ti (1) 2 3.05 
Ti (4) 1 3.16 
Ti(2) 2 3.19 
Se (3) 1 2.54 
Se(l) 2 2.59 
Se (2) 2 2.60 
Ti(4) 2 2.96 
Ti (2) 2 3.18 
Ti(3) 3.26 
Ti(6) 3.30 
Ti (1) 1 3.31 
Ti (2) 1 3.38 
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Table 23 (Continued) 
C 
Reference Neighbor Number of Distance (A) 
Atom Atom Neighbors 
Ti (6) 
Se(l) 
Se (2) 
Se (3) 
Se (3) 
Se (1 
Se (2 
Ti (3 
Ti (3 
Ti (5 
Ti(l 
Ti (2 
Ti (2 
Ti (5 
Ti(3 
Ti (6 
Ti (4 
Ti(3 
Ti (5 
Ti (1 
Ti (4 
Ti(g 
Ti (2 
Ti (5 
Ti(6 
Ti(4 
Ti (1 
Ti(2 
1 
2 
1 
2 
2 
1 
2 
1 
2.57 
2 . 6 8  
2.81 
2.25 
2.94 
3.30 
3.35 
3.40 
2 
2 
1 
2 
1 
2.59 
2.59 
2 . 6 2  
2 . 6 8  
2.75 
2 
2 
2 
1 
1 
1 
2 . 6 0  
2.64 
2.67 
2 . 8 0  
2 
2 
2.54 
2.56 
2.64 
2.64 
2.64 
where all the terms have been previously defined. If k, L, 
p and A* are assumed to be constant, then I and |Fj are the 
only variables. Therefore, on differentiating Equation 4: 
dl = 2kLp A *  !?! d ;F|. (46) 
If dl is assumed to equal al and d{F| is assumed to equal 
cI ? I, on rearranging terms : 
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a[F| = aI/(2kLp A* |?|) . (47) 
The term al can be evaluated using the expression: 
1 
Ol = [A-rB-f (0. 0 5xA) ~ 4- (0.05x3)"]^ (48) 
where A and 3 are the total peak count for a given reflection 
and the background count for the same reflection. The terms 
2 7 (O-OSxA) and (0.05xB)' are inserted into Equation 48 to 
reflect and account for instrumental instability. 
The value of the standard deviation of a reflection 
of unit weight for the refinement of Ti^Se using the above 
weighting scheme was 1.34. 
B. Zr^Se 
1. Structure determination 
The Zr^Se phase was prepared by the method outlined in 
seczicns II,A,B. The final annealing temperature and 
time were 1550°C and 3 hours. 
A Charles G. Supper Co. Weissenberg camera was used to 
take rotation photographs and hkO and hki Weissenberg layer 
photographs about the c-axis. The diffraction pattern and 
extinction conditions again indicated that the centro-
syrrmetric space group is ?nnm. A comparison of the 
Weissenbera laver ohotographs of Zr_Se with those of Ti_S 
" 2 2 
and Ti2Se indicated that all three of these phases are 
isostructural with Ta^P. 
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Later, L. J. I\orrby (49) used this crystal to refine 
the structure of Zr2Se. He obtained an unweighted reliability 
index of 10.65 for 438 reflections. The lattice parameters 
for this phase at 25°C obtained from a Guinier powder photo­
graph using KCl, a=5 . 29300 j_0 . 00009A (32), as an internal 
O Ô 
standard and CuK^radiation, X=1.5405A, are: a=12.640+3A, 
b=15.7 9 7 - r 3 A ,  c= 3.602+ l A .  The hk>f indices, sin^ i  (obs)' 
2 
sin 5 / , . and estim.ated relative intensities for (calc) 
Zr^Se are listed in Table 24. The calculated density 
of Zr^Se is 7.24 g/cc. The refined atomic and rhermal 
TDarameters are listed in Table 25. 
C. Kf^Se 
1. Structure determination 
The Hf2Se phase was prepared by the methods outlined 
in sections II,A and B. The sample was annealed at 
1500"C for about 2 hours. 
A Charles G. Supper Co. ICeissenberg campera was used to 
take rotation and Weissenberg layer photographs about the 
a-axis. Reciprocal lattice plots of these layer photographs 
indicated that the lattice is hexagonal. The following 
extinction conditions were observed: hk,£, no conditions; 
hh/1, no conditions; hh/,;f=2n. In addition, the condition 
thaz, if h-k=3n,Â=2n was observed. These systematic con­
ditions for reflections to.be observed indicated that the 
92 
O 
Table 24. X-ray diffraction data for Zr^Se, X=1.5405A 
h k yf sin-8 , xlO^ sin^G_^. xlO^ :/!_ x 100 COS calc o 
2 1 6294 6299 5 
2 2 1 7016 7012 10 
3 0 1 7910 7915 30 
3 1 1 8162 3152 30 
0 5 0 8563 8558 30 
1 4 1 8759 8749 70 
3 2 1 8863 8868 15 
3 5 0 92S9 9284 30 
5 1 0 9534 9524 40 
2 4 1 9359 9854 100 
5 2 0 10232 10237 30 
0 5 10514 10519 6 0 
4 2 1 11469 11469 50 
5 4 0 13083 13089 30 
5 1 ]_ 14082 14094 20 
1 8 0 15582 15587 15 
Table 25. Positional and thermal parameters for Zr^Sa 
Atom lO^X/a lO^Y/b Z B(A)^ 
Zr (1) 15224-5 2424-4 0 0 . 52--12 
Zr (2) 7554-5 253423 0 0. 54-:ll 
Z r (3) 58294-5 8 0 -L4-4 0 0 . 20: -10 
Zr { )  46814-5 3912+4 0 c. 3 5-
Zr ( - ) 79884-5 2028+4 0 0 . is: 
Zr îo) 8767+5 0 0 . 23: 
Se (1) 4206-^5 2083+4 0 0 . 22: 
Se (2) 24474-5 4101+4 0 0. 38: ï-2 
Se (3) 63064-5 3476+4 0 0 13: 1-^ -
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centrosymiT.etric space group is PG^/mmc. 
The lattice parameters for this phase were obtained 
O 
at 25°C from a Guinier photograph using KCl, a=5.29300+0.00009A, 
O 
(32) as an internal standard and CuK radiation, X=1.5405A. 
a, 
O O 
These parameters are : a=3.4502j^9A, c=12.640 + 3A. 
The hkX indices, sin^S, sin^G^^^^c) the esti­
mated relative intensities from a Guinier photograph are 
listed in Table 25. 
A comparison of the Weissenberg layer photographs and 
Guinier photographs for Hf^S and Hf^Se indicated that Hf2Se 
is isostructural with lif.^S (31) . The calculated density of 
Hf^Se is 11.45 g/cc. 
It was found that the Hf_Se phase had to be kept under 2 
vacuum or in an inert atmosphere to avoid reaction of the 
phase with air. Neither Ti^Se nor Zr^Se exhibited this 
tendency to react with air. 
O 
Table 25. X-ray diffraction data for Hf^Se, X=1.5405A 
h k i sir^e(2bs,xlO' sin^S, T_.xlO^ I/I_xlOO (calc) o 
0 0 2 
0 0 4 
10 0 
10 1 
10 2 
10 3 
10 4 
0 0 6 
1 1 0  
1582 
G320 
6651 
7043 
8238 
10211 
12948 
14203 
19916 
1580 
6316 
6647 
7039 
8224 
10200 
12950 
14209 
19937 
10 
80 
70 
100 
75 
15 
50 
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VI. DISCUSSION OF POSSIBLE ERRORS INVOLVED IN THE 
CALCULATION OF THE MAGNITUDE OF UNITARY STRUCTURE 
FACTORS BY THE GRAPHICAL METHOD AS USED IN THE 
DETERMINATION OF THE STRUCTURES OF Ta„S and Ta,S 
2 6 
A. The Structure of Ta^S 
Fic-ure 6 is a graph of the calculated ç values for Ta2S 
(determined on the basis of 12 Ta^S units per unit cell) vs. 
sin?. The interpolated ç values obtained fron this graph are, 
on the average, 7.6% greater than those calculated using the 
graph in Figure 2 for which the é values were calculated 
on the basis of 14 Ta_S units oer uniz cell. 2 
Figures 7 and 8 contain the interpolated curves of the 
calculated c versus sinS for Ta^S (with 12 -=-2S units per 
unit cell) as the solid line with the individual observed 
values plotted for unitary structure factors having magnitude 
greater than or equal to 0.40 and 0.30, respectively. 
In Figure 7, the dotted lines drawn on either side of 
the solid line represent the boundaries within which observed 
values occur, except for two points one above the upper 
dotted line and one below the lower dotted line. The lower 
dotted line represents the boundary of values about 10% lov; 
on the basis of the theoretical curve. The upper dotted line 
represents the boundary of values about 6 0% greater than 
would be expected from the theoretical ô curve. The point. 
Figure G. Interpolated curve of calculated phi values for 
(determined on t)ie basis of. 12 Ta-S units per unit coll) 
vs. sinO 
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Figure 7. InLerpolaLed curve of the calculated phi values for TagS 
(dotcrnixnod on the basin of 12 Ta^S units per unit cell) v.s. 
sin0 as t)ie solid linc>. Points represent unitary structure 
factors witli magnitudes greater than 0.40. Upper and lower 
dotted line? s represent the bound a ries of the region about the 
calculated plii curve in v.'hich all tlie observed unitary structure 
factors, except for two points, witli magnitudes greater than 
0.40 lie 
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Figure 8. Ini erpolatc^d cui;\'c; of calculated ph.i values for 
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vs. sinO as tlie solid lino. Point,s represent unitary 
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representing the 0,5,0 reflection, in Figure 7 below the 
lower dotted line exhibits a value for the magnitude of 
its unitary structure factor about 22% lower than the value 
which would be calculated on the basis of the solid curve. 
The behavior of this reflection with respect to calculated 
and observed values for the magnitude of its unitary 
structure factor points out a source of difficulty in the 
method used to make sign assignments in this research. 
Explicitly, if a reflection were determined by the method 
previously discussed to have a unitary structure factor of 
sufficient magnitude (say 0.4) and if, in fact, the true 
value of the magnitude of the unitary structure factor were 
22% lower, then the use of the triple product relations to 
assign a sign to this reflection could lead to erroneous 
results. This follows from che fact that the triple-product 
relations are strictly valid as equalities only if the 
mp^-itudes of the unitary structure factors for the three 
reflections are sufficiently large. 
B. The Structure of Ta^S D 
Figures 9 and 10 are plots of the interpolated curves 
of the calculated G  values for Ta_S listed in Table 17 
c 6 
versus sins as solid lines with the plotted values of 
at zhe appropriate sinô value for reflections having unitary-
structure factors greater than 0.4 0 and 0.30, respectivelv. 
Figure 9. interpolated curve of phi, 6 , values for 
Ta^S vs. sir.5 as the solid line. Points 
o 
represent unitary structure factors with 
magnitudes greater than 0.40. Upper and 
lower dotted lines represent the boundaries 
of the region about the calculated ohi curve 
in which all the observed unitary structure 
factors with magnitudes greauer than C.40 lie 
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In Figure 9, the dotted lines drawn on either side of the 
solid line represent the boundaries within which all the 
observed values occur. The lower dotted line lies aooroxi-
c 
niately 12C, below the solid line while the upper dotted line 
lies approximately 19" hic;hor than the solid line. 
C. Comparison of the Calculated Versus SinO 
Curves for Ta„S and Ta^S with Respect to the 2 o 
Calculation of Unitary Structure Factors 
The graph of the calculaced o values versus sinO is 
better characterized for the structure of Ta^S, Figure 9, 
zhan for the structure of Ta^S, Figure 7. This difference 
is probably in large paru due to the fact that only about 
35 0 "observed" reflections were used in the case of the 
Ta^S structure to characterize the curve frora sin3 = 0.0 to 
sin6=0.90 while for the Ta,S structure there were about 
o 
670 "observed" reflections used to characterize the curve 
fro^ sin5=0.0 to sinS=0.50. 
The low sin3 regions of the graphs. Figures 7 and 9, 
for Ta-S and Ta^S respectively, are poorly characterized 
1 o - -
in comparison to the remainder of the sinS regions. In Ta„S, 
the graph in Figure 7 is undefined in the region below 
sinS=0.35 whereas for Ta^S the graph is undefined below 
sin6=3.15. Accordingly, use of these graphs to calculate 
r.agniuudes for unitary structure factors in the poorly 
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characterized regions of the graph could be expected to 
yield dubious values for the calculated magnitudes of these 
unitary structure factors. Also, in the case of the Cu 
data for the Ta2S structure, intensity data were only taken 
for Bragg reflections for which 2 6j<16 0° or sinG<0.985. 
Therefore, the set of intensity data for the sinS range: 
0.9 O<sin0_<l. 0 is incomplete, and it can be expected that the 
region of the curve of calculated g values versus sinS above 
sin3=0.o5 is not as well characterized as it would have 
been if the data for the region of 1.0_>sinS>0.985 had been 
obtained and utilized. 
In future structural determinations involving the 
graphical method of calculating the magnitude of unitary 
structure factors, the initial set of reflections which 
are given signs in order to fix the origin of the unit cell, 
should be selected from the well characterized region of the 
calculated versus sinS curve. 
D. Analysis of the Assumption of a Gaussian 
Distribution of Unitary Structure Factors 
Assuming a Gaussian distribution of unitary scattering 
factors, Wilson (50) has shown for a centrosymmetric szruc-
zure that the probability of a unitary structure having a 
value between U and U -r dU is given by 
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1 
P(U)dU = (2-E) ^ exp (-U^/2c)dU, (49) 
in which: 
(50) 
From tables of the probability integral (51), it is seen 
that 10^ of the area of a normal distribution will be beyond 
the values of -^1.6/ë. Woolf son (38) claims that structures 
that have 10% or more of the U's with magnitudes greater 
than 0.40 will be solvable by inequalities.. Thus according 
to the above : 
1.6/Ë = 0.40 or (51) 
This value of £ sets an approximate upper limit to the 
complexity of a structure which might be solved by an in­
equalities treatment. The value of £ is 0.0351 for Ta-S 
and 0.0353 for the primitive cell associated with Ta,S. 5 
Both of these values are substantially lower than the value 
suggested as the lower limit by Woolfson for solving a 
structure by an inequalities approach. 
'•"oolfson (38) states that structures having a value of e 
less than 0.0625 may have high structural, if not cryszallo-
graphic, symmetry and abnormal U distributions and still be 
solvable by an inequalities treatment. The graphs in 
Figures 11 and 12 are plots of U versus the number of U 
0.0623 . (52) 
Figure 11. 7\n ;i.ntori)olal:c;cl C U J . V C; of the numljor of unitary structure 
factoirr, between U and U-lclU for for Bracjcj roflecl.ionr 
0°<2C<lG0o (Cu data) 
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values in a given range of U ^  0.025 for Ta2S and Ta^S, 
respectively- In the and Ta^S structures, only 5.5% 
and 3Î, respectively, of the unitary structure factors 
exhibit magnitudes greater than or equal to 0.40. 
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VII. DESCRIPTION OF THE STRUCTURES REPORTED IN 
THIS RESEARCH 
A. Ta^S and Ta^S 
The Ta atoms in both Ta2S and Ta^S structures are all 
contained in chains of slightly distorted body-centered 
pentagonal antiprisms sharing faces. These chains run 
parallel to the b-direction in both structures. In TagS, 
the average Ta-Ta distance from the central Ta atom to the Ta 
O 
atoms forming the pentagonal antiprisms is 2.91A, in Ta^S this 
O 
distance is slightly larger, 2.93A. In TagS, the distance from 
0 
a central Ta atom to the next such atom is 2.7SA while in Ta^S O 
o 
this distance is 2.64A, a remarkably short Ta-Ta distance. Thus 
in both structures each central Ta atom is surrounded by 12 
Ta atoms in a slightly distorted icosahedron in which each 
central Ta atom is also an apical Ta atom in the next 
icosahedron in the chain. The average Ta-Ta distance on the 
O O 
face of the antiprism is 3.14A in Ta2S and 3.09A in Ta^S. 
The coordination about the sulfur atoms is totally 
different in the two phases. 
In Ta^S, the two sulfur atoms serve structurally dif­
ferent roles. The first type, S(l), is bonded to six Ta atoms 
forming the faces of tv/o of the antiprisms with an average 
O 
Ta-S distance of 2.56A. The coordination polyhedron about 
S(l) can be described as a distorted octahedron. This is the 
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only known rrietal-rich chalconide structure (M^C and M and C 
are the metal and chalcogen, respectively, and n_>2.00) in 
which a chalcogen is found in a coordination polyhedron 
which cannot possibly be considered as distorted trigonal 
prismatic. The second type of sulfur atom, S(2), is bonded 
to three Ta atoms forming the fa.ce of one antiprism in one 
column of Ta atoms and to a Ta atom at the corner of an anti-
prism in another column. The average Ta-S{2) distance is 
2.47A. The coordination polyhedron about £(2) can be 
described as fragment of a trigonal prism with two atoms 
from one of the triangular faces of the prism missing. The 
O 
average Ta-S(2) distance in Ta^S is 2.53A. 
The arrangement of S atoms in Ta_S leads to a verv 2 
striking structural feature of this phase. The sulfur atoms 
are localized in regions of the unit cell in such a manner 
as to describe an octahedral configuration without an atom 
located in the interior of the octahedron. The octahedra 
run parallel to the b-axis through the structure resulting 
in an empty channel. The dimensions of the octahedron, and 
O 
in effect the dimensions of the channel, are 5.40A from 
S(l) to 3(1), 4.20A from S(2) to S(2) diagonally, and 
C O 
3.OSA and 2.86A for the two S(l)-S(2) distances. These dis­
tances are from the center of one atom to the center of the 
next atom. The diagonal S(2)-S(2) distance effectively 
represents the width of the channel. If the radii of the 
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sulfur atoms comprising this distance are subtracted, using 
O 
the Slater radius (46) of the sulfur atom (1.0OA), the 
C 
net width of the channel is 2.2OA. 
In TagS the chains of Ta antiprisms are bridged in 
the a- and c-directions by sulfur atoms. The sulfur atoms 
are bonded to seven Ta atoms from three chains of antiprisms. 
Two chains each supply two Ta atoms to the arrangement, 
and the third chain supplies three Ta atoms. The average 
O 
Ta-S distance, 2.49A, in Ta^S is slightlv closer to the sum 5 
of the Slater (46) radii (2.45A) for Ta and S than is the 
O 
average Ta-S distance in Ta^S, 2.53A. The shortest distance 
O 
between sulfur atoms is 3.93A in Ta^S while in Ta_S the 
o z 
o 
shortest distance between sulfur atoms is 2.85A. The 
structure of Ta^S lacks the large channel present in the 
Ta,S structure. 
The coordination polyhedron around the sulfur in 
Ta^S can be described from two different coints of view 
G 
although each describes a distorted capped trigonal prism. 
From the first viewpoint indicated in Figure 13, six of the 
Ta atoms describe a distorted trigonal prism with an average 
O 
Ta-S distance of 2.48A. The seventh Ta atom, Ta(2), is off 
0 
one of the rectangular faces an a distance of 2.53A. This 
trigonal prismatic coordination about the sulfur atom in 
Ta^S is similar to that about the sulfur atom in a-V\S (19) O J 
except that there is an additional atom off another rectangular 
Figure 13. Coordination polyhedron about the sulfur atom 
in TagS. View I 
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face in a-V^S. From this viewpoint, the sulfur coordination 
polyhedron in both structures are distorted in a sirr^ilar 
fashion, namely, two short edges of the ideal trigonal 
prisai are slightly rotated relative to each other such that 
they remain at least approximately perpendicular to the 
three-fold axis of the ideal prism. 
From the second point of view, shown in Figure 14, six 
of the Ta atoms describe a trigonal prism with an average 
O 
Ta-S distance of 2.4SA with the seventh Ta atom. Ta (3) , at 
0 
a distance of 2.53A off one of the rectangular faces. The 
trigonal prism described from this point of view is less 
distorted than the one described previously. 
In the Ta„S and Ta^S structures there is a metal atom 
1 o 
in a unique environment for a metal atom in the metal-rich 
chalconide and pnictide structures. The metal atom in the 
center of the pentagonal antiprism is too far away from the 
nearest sulfur atom to be considered to be bonded to it. 
This Ta-S distance is 3.74A and 3.97A in Ta^S and Ta^S, 
respectively. 
3. The Group IV3 Bimetal Selenides 
1. Ti^Se and Zr^Se 
The Ti^Se and Zr^Se (49) phases are isostructural with 
Ti^S (20) and Zr^S (52) all of which exhibit the Ta^? 
structure type. 
Figure 14. Coordination polyhedron about the sulfur atom 
in Ta,S- View IÎ 6 
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Each Se atom in both Ti2Se and Zr^Se is found in an 
augmented trigonal prismatic environment with between one 
and three augmenting metal atoms off the rectangular faces 
of a slightly distorted trigonal prism. There are no close 
Se-Se distances in either Ti^Se or Zr2Se. The shortest 
o 
Se-Se distance is 3.48A in Ti^Se and 3.61 in Zr^Se. 
2. Kf^Se 
Kf^Se is isostructural with Hf2S (28). The chalcogen 
atoms in both the Kf^S and Kf^Se structures are in trigonal 
prismatic environments while the hafnium atoms in each 
structure are in a distorted octahedral environment of three 
hafnium atoms and three chalcogen atoms. 
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VIII. MAGNETIC PROPERTIES OF Ta_S and Ta^S 2 5 
As a result of the uncommon structural characteristics 
of the Ta^S and Ta^S structures as coiripared with other known 2 o 
metal-rich chalconide and pnictide phases, i.e., the 
segregation of metal and non-metal atoms intf different 
regions of the unit cell in both structures, the columns 
of metal atoms in both structures, and the empty channel in 
the Ta2S structure, it was decided that it would be worthwhile 
to measure the magnetic susceptibilities of Ta^S and Ta^S. 
A Faraday balance constructed by Professor R. S. McCarlev 
and co-workers (33) was used to measure the magnetic sus­
ceptibilities of the Ta„S and Ta^S phases from room tempera-2 5" 
ture, approximately 25°C, down to the temperature of liquid 
nitrogen, 77°K. The samples of these phases were the same 
ones used to measure the densities of the respective phases. 
The magnetic susceptibilities were calculated by a least 
squares Honda-Owen treatment of the data using a computer 
program written by J. Greiner.^ The magnetic susceptibilities 
of both Ta^S and Ta^S are temperature independent para-2 o - -
magnetic from 77°K to 29 3°K and have values of 
"Greiner, J., Department of Metallurgy. Iowa State 
University of Science and Technology, Ames, Iowa. Magnetic 
Susceptibilities Program. Private communication. 1959. 
124 
73.12(+5.32) X 10 ^ cc/g-atom and 427.1(+9.6) x 10 ^ 
cc/g-atom, respectively. 
The amount of ferromagnetic impurity present in the 
samples was also determined by the Honda-Owen treatment of 
the data. Assuming iron to be the only ferromagnetic 
constitutent present in the samples measured, the maximum of 
iron concentration present was approximately 3 ppm. 
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IX. DISCUSSION 
A.' Introduction 
A number of points concerning the nature of the chemical 
bonding in transition rr.etal chalconides are raised by the 
structures reported here. In order to discuss the bonding 
in Ta^S and Ta^S, and the interrelation between these com­
pounds and other metal-rich chalconides, a general discussion 
of the bonding in chalconides will be presented. This 
discussion will include consideration of general bonding 
schemes advanced by Pauling, Rundle, Slater, the applica­
tions of these schemes to transition metal chalconides by 
Franzen and an application of the Brewer-Engel correlation 
to the consideration of metal coordination polyhedra in 
metal-rich chalconides. 
B. General Bonding Considerations 
Since band theories of the solid state have not " 
progressed sufficiently to allow treatment of structures and 
bonding from this point of view, more qualitative discussions 
are usually given. Such discussions of the bonding in the 
condensed state are essentially concerned with accounting 
for the characteristics of the free atoms which lead to 
interactions between atoms to stabilize a given structure. 
A description of bonding in the metal-rich chalconide 
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phases must account for the physical properties observed 
in these phases: the metallic luster, the relatively high 
electrical conductivity and a very high degree of brittle-
ness. 
Metals are generally characterized as exhibiting a high 
luster, high thermal and electrical conductivities, high 
malleability and high ductility. Although these properties 
vary from metal to metal, they are not generally found for 
non-metals which are characterized by low luster, low 
thermal and electrical conductivities, low malleability 
and low ductility. The metal-rich chalconide phases dis­
cussed in this thesis possess properties of both metals 
and non-metals, a fact which must be accounted for in a 
bonding description. 
Metals can be thought of as having more orbitals available 
for bonding than valence electron pairs. The high electrical 
conductivity and high thermal conductivity derive from the 
ability of valence electrons to move more or less freely, 
subject to certain core potentials, through the metal 
lattice. The high malleability and high ductility of metals 
arise from the fact that if one or more bonds between atoms 
are broken by mechanical work done on the metal, due to the 
large surplus of available orbitals suitable for bonding, 
other orbitals become involved in bonding and new 
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bonds are formed. 
The non-metals, on the other hand, do not possess a 
surplus of orbitals available for bonding in comparison to 
the number of valence electron pairs present. In fact, in 
non-metals the valence band is filled, consequently 
electrons in the non-metal structures are not free to move 
through the lattice, as is the case in the metal lattice, 
and accordingly the electrical conductivity and thermal 
conductivity of non-metals are significantly lower than 
they are for metals. Due to the lack of surplus orbitals 
to form suitable alternate bonds, when bonds are ruptured 
due to mechanical work done on the non-metallic materials, 
the substance will fracture under stress, resulting in low 
malleability and low ductility. 
Three approaches have been proposed to describe the 
bonding in the inter-metallic and metal-rich composition 
range of metal-non-metal systems. The first way of viewing 
these structures is as the insertion of non-metal atoms 
into available interstices in the metal lattice (54, 55, 56, 
57). Accordingly atoms are viewed as inert spheres occupying 
a certain volume, and structures are considered to be 
stabilized primarily by a high packing efficiency with regard 
to the insertion of an atom into an interstice of a par­
ticular size. In the second description, structures are con­
sidered in terms of arrangements of cations and anions which 
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forra stable structures by a minimization of energies due 
to coulombic interactions. The third approach to bonding 
considers structures to be composed of atoms sharing 
electrons covalently. 
With respect to the consideration of structures as 
interstitial compounds, i.e., the non-metal simply occupies 
available vacancies in the metal lattice, there is a minimum 
consideration given to atomic orbitals, their respective 
symmetry or availability from energy or spatial considerations 
except in so far as any of these factors may influence the 
value of the atomic radius. In this approach an important 
faczor in bonding is the minimization of void spaces in the 
unit cell. From the interstitial viewpoint, the high electri­
cal conductivity of metal-non-metal systems is due to an 
essentially undisturbed metal lattice in which inert spheres 
(non-metal atoms) are placed. The continuously variable 
compositions exhibited by metallic interstitial compounds 
are considered to be merely the result of the ease of 
insertion or withdrawal of the "inert" non-metal atoms from 
the host metal lattice. 
Arguments could be made for describing the structure 
of the phases with the Ta^P structure tvoe, i.e., Ti^S, I - - ' • / 
Ti^Se, Zr^S, Zr^Se, Hf^? (58), Hf^As (59), in this manner, 
however•the structures of the closely related compounds 
Ta.S and Ta,S suggest that factors other than packing are Z <0 ~ -
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important in determining the structures of the metal-rich 
compounds. Consider, for example, the fact that Ta2p and 
Ta-S exhibit such radicallv different structures in spite 2 
of having very nearly equal radius ratios. Since there is 
no reason to consider Ta2S and Ta^S to be radically differen 
from other metal-rich chalconides, it must be concluded that 
this approach is not entirely sufficient to explain the 
occurrence of metal-rich chalconide structures. 
The second approach to a bonding description based on 
an ionic description does not seem appropriate when applied 
to metal-rich chalconide structures because of the very 
large number of short metal-metal contacts. If all of the 
metal atoms were positively charged, a very large de­
stabilizing potential energy would result, making the metal-
rich phases unstable with respect to the elemental metal 
and phases with structures having far fewer short metal-
metal distances. On the basis of the electrostatic or ionic 
model of structures and structural models consistent with 
this basis, Moody and Thomas (50), using an equation by 
Kapustinskii to calculate lattice energies, computed values 
of for Ti^S of 144-123 kcal/mole and for Ti^Se of 182-lA 
kcal/mole. Accordingly, Ti^S and Ti^Se would exhibit a grea 
tendency toward disproportionation to either TiC (s) -f Ti(s) 
or 2 Ti(s/ -r C(s) where C is S or Se. However it is 
important to note that Moodv and Thomas acknowledae that 
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a structure with pronounced covalent character could exist 
even though the calculated using Kapustinskii ' s equation 
for lattice energies is a relatively large positive value. 
Pauling (61) proposed a covalent description of the 
bonding in metallic and intermetallic compounds which was 
recently critically discussed by Bundle (62). From this 
point of view, bonding between atoms in metallic and inter­
metallic compounds is fractional in character, i.e., the 
bonds are not two electron bonds between atoms. The 
electrons in these fractional bonds are thought to be de-
localized throughout the entire structure in a conduction 
band. The general physical properties of metals, i.e., high 
malleability and high electron conductivity, derive from 
the fractional bonds and delocalized electrons. Pauling 
proposed an empirical relation: 
D(n) = D(l) - 0. 500 log n (50) 
where the bond distance, D, is related to its order, n, 
which can be used to calculate both the order of a given bond 
and valences for the various atoms in the structure-
In 1943, Rundle (62) pointed out that metallic carbides, 
oxides and nitrides with the HaCl structure formed this 
structure irrespective of the structure or radius of the 
metal: all the monoxides and all the reliably known mono-
carbides and m.ononitrides of the third, fourth and fifth 
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rroup metals possess the NaCl structure whereas only Sc, 
^a, Ce and Th exhibit a cubic closest packed structure 
(63). In view of this tendency to form the NaCl structure 
type, according to Rundle, some effect, other than mere 
insertion of the non-metal into the metal lattice, must be 
occurring to cause the rearrangement of metal atoms to form 
the octahedral "interstices" for the non-metal atoms. 
Rundle reasoned that any theory attempting to account 
for bonding in the MX phases must account for: 
1. preferential formation of the NaCl structure in MX 
compounds, irrespective of the metal lattice; 
2. high melting points of the MX phases despite an 
increase in metal-metal distances in the MX 
phases as compared with those found in the metal; 
3. zhe brittle character of the MX phases as compared 
with the malleability of pure metal; 
4. the relatively high electrical conductivity of the 
MX phases. 
Using the valence bond approach of Pauling, Rundle deduced 
that these physical properties could be explained in terms o 
the non-metal atoms using either three p orbitals or an sp 
hybrid and two o orbitals. For example, according to this 
bonding there are, for the TiO phase with the NaCl structure 
type, a total of 6 or S bonding electrons,depending on 
whether or not the two s valence electrons of 0 were 
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involved in bonding, par TiO unit. These electrons are 
involved in the forir.ation of six a bonds. In other words 
there would be six bonds of order 1/2 or 2/3 between the 
metal and non-netal atoir.s in the TiO structure. 
The resulting octahedral coordination of metal atonis 
about non-metal atoms, and vice-versa, accounts for the 
XaCl structure observed in these phases. The brittleness . 
found in the MX phases derives, according to Rundle's 
arguments, from the directional nature of the covalent bonds. 
The high electrical conductivity is due to the fact th&c the 
bonding orbitals in these phases do not contain two electrons 
each, allowing for a delocalization of electrons throughout 
the structure. The very high melting points observed for 
the MX phases are a result of the strengthening of the MX 
structure relative to the metal by the formation of strong 
mecal-non-metal bonds. 
In broad outline, Rundle, using the Pauling valence bond 
approach and delocalized electrons, explained many of the 
physical properties of MX phases from the viewpoint of 
covalently interacting atoms. However, Rundle did not con­
sider the fact that many of these transition mezal monoxides, 
monocarbides and mononitrides exhibit significant vacancy con-
cenzrazzons ror example, as nigh as 15% vacancies are observed 
for both Ti and 0 sites in stoichiometric TiO. (64). Denker 
(54) has recently accounted for this propensity as a result 
of a tendency of a given MX phase to depopulate antibonding 
states with consequent stabilization of the XaCl structure. 
Denker postulates that for MX phases with the KaCl structure 
2 3 the r.etal atom uses d sp hybrid orbitals and the non-
metal atom uses its valence o orbitals and an so hybrid to 
bond together by means of bozh c and ir bonding molecular 
orbitals for an MXg octahedral configuration. 
Slater (45) has discussed the suitability of a covalent 
bonding description for compounds which have classically been 
considered ionic in nacure. As an example, he has con­
sidered KCl and adequately described both the interatomic 
distances between atoms in terms of atomic radii and the 
coordination symmetry about the component atoms in this 
compound. Slater further suggests that the covalent effects 
are the dominant factor in determining interatomic distances 
in compounds, even in "typically ionic" ones such as KCl. 
rranzen (55) has described the tendency of sulfur, 
selenium and tellurium to be found in a trigonal prismatic 
environment in transition metal monochalconides under certain 
conditions. The conditions are on the metal associated with 
uhe chalcogen, namely, that, first of all the metal possess 
enough valence electrons to donate four electrons to six 
bonds and secondly the metal possess six empty valence 
orbitals to be used in bonding to non-metals. The initial 
134 
condition was derived from the fact that the application of 
Pauling's empirical equation (Equation 50) to representative 
structures of monochalconides in which the chalcogen is in 
a trigonal prism yielded calculated valences of the metal 
atoms which were approximately four. This criterion rules 
out finding a transition metal monochalconide in which the 
chalcogen is in a trigonal prism for those transition metals 
having less than four valence electrons, such as in the 
case for Group IIA metals, Sc, Y, La, the rare earths and 
the actinides. The second condition rules out metals in 
Groups IB and IIB, i.e., Cu, Ag, Au and Zn, Cd, Hg, 
respectively, since these metals will not have six free 
valence orbitals for bonding to the chalcogen. The use of 
Pauling's empirical relation (Equation 50) to determine the 
valence of the chalcogen in transition metal monochalconides 
has yielded values between 3 and 4. Consequently, if these 
values are to be believed, the chalcogen must employ outer 
orbitals resulting in delocalized electron bonding. The 
outer orbitals involved might either be d orbitals or the 
next valence level £ orbital. However the use of d orbitals 
seems to be indicated since these d orbitals, unlike the 2 
orbital, have directional properties associated with them. 
Group theory calculations based on an ideal trigonal 
prism having symmetry indicate that possible hybrid 
orbital configurations utilizing six orbitals would involve 
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either three c orbitals and three n orbitals or one ^ 
orbital, three p orbitals and tv/o d orbitals. The chalcogen 
involved in bonding to rr^etal ato.Tis coordinated about it in a 
trigonal prism could use, in the formation of six bonds, 
four of its valence electrons and four electrons from the 
six metal atoms to make six bonds of order 2/3. Another 
possible hybrid orbital configuration for the chalcogen 
bonded to six metals atoms in a rrigonal prismatic coordi­
nation svmmetrv would involve one s and tv70 o orbitals. The 
metal atoms comprising the trigonal prism would then con-
2 
ceptually r bond zo the hybrid sjo chalcogen orbitals, 
however the difficulty with this bonding proposal is that 
for a calculated valence of 3 these bonds would contain two 
electrons each. The electrons in these bonds would not be 
delocalized and so would not conzribuze to electrical con­
duction. Also,the amounu of metal-metal bonding to 
electrically conducting compounds such as rIfS is relatively 
low [Pauling bond order of 0.15 (Equation 50) for a Hf-Hf 
bond in HfS] indicating uhat electrical conduction does not 
primarily occur as a result of metal-metal bonding. This, 
and similar results for other m.onochalconides, suggests 
that the description of bonding involving SP" hybrids by 
the chalcogen is incapable of explaining the high electrical 
conductivity in the transition metal monochalconides. The in­
ability to explain bonding in transition metal monochalconides 
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2 delocalizad electrons by using the hybrid 
the chalcocen seems to indicate that ou%er 
the chalcocjen are involved in bonding. 
vransizion metal raonosulfides are also found to exhibit 
the XaCl structure type, e.g. , ScS (66) , US (67) , a-MnS (68) . 
Franzen has pointed cut, for example, that the bonding' 
O 
in a-MnS, with six Xn-S distances of 2.61A, corresponding 
to a bond order of 0.23 according to Pauling's empirical 
relation (Equation 50), can be understood in terms of sulfur 
using its three £ orbitals to bond to Mn and that these six 
bonds contain four electrons: tv:o from sulfur and two from 
Xn. This explanation is totally analogous to that described 
by Rundle for the transition metal monoxides, mononitrides and 
monocarbides with the XaCl structure type. 
Aith the chalcogen atom either trigonal prismauically 
or octahedrally coordinated by metal atoms, the bonding 
according to this viewpoint would involve delooalized elec­
trons in directional bonds, thereby accounting for the same 
physical properties observed in these phases which Rundle 
observed in the XX compounds with the XaCl structure. 
X question, which must be answered in conjunction with 
the postulate that the chalcogen atom in the transition metal 
monochalconide structures has access to cuter orbitals, in 
particular the empty d orbitals, is whether or not the empty 
outer orbitals are accessible from the viewpoint of the amount 
in terms of 
orbitals by 
orbitals on 
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of cnorgy required to excite an electron into such an orbital 
as compared with the amount of energy returned on bond forrria-
tion. 
Rccent work by Webster (69) and by Coulson and Gianturco 
(70), using ilartrce-l^ock SCr calculations, detcrrained that 
for sulfur the lowest valence state involving d orbitals, 
namely the (.s~n^d^) state, lies 166.20 kcal/mole and 
167. 53 kcal/:nole, respectively, above the ground state, 
3 2 -P(s c'). Moore (71) reports on the basis of spectro­
scopic data that the energy from the ground state to the 
(s~r,^d~) state for sulfur is 19 3.9 3 kcal/mole. 
In determining energetically whether or not sulfur can 
use its 3d orbitals in bonding, a fruitful comparison can 
be made by uaking a look at this same situation with respect 
to carbon. The around state for the carbon atom is the 
2 ? 
s o" staze, consequently due to the pairing of the s_ 
electrons in this configuration carbon would be expected zo 
exhibiz a normal valence of 2. This valence is certainly 
nou the normal valence for carbon which generally 
forms four bonds directed toward the corners of a 
tetrahedron. Moore (71) lists the excitation energy in 
2 2 going from the s o ground state to the energetically lowest 
configuration of the valence state, namely the , as 
Sc.22 kcal/mole. 
This promotion energy for carbon to the lowest valence 
sp"^ state is approximately one half that for sulfur to the 
lowest valence state, consequently it is meaningful 
to ask what effects can be expected to return energy as a 
result of bonding in the condensed state to offset the 
2 3 1 
rather high promotion energy to the s p d state for sulfur. 
Two effects which will return energy in the condensed state, 
and accordingly tend to offset the high promotion energy, 
are crystal field splitting and delocalization energy. A 
rather naive assumption has been made in assuming that the 
energy required to form a given valence state is the same 
irrespective of whether the atom is in the gas or solid 
states. This assumption essentially implies that the various 
electronic states of an atom are effectivelv unperturbed due 
Crystal field theory (72) states that under the influence 
of an electrostatic field of a certain geometry the d 
orbitals of a given atom in that field will have their 
degeneracy removed with respect to energy: some of the 
orbitals will be raised, some will be lowered and some will 
remain effectively the same with respect to the energy of 
uhe orbitals in the isolated atom. Various geometries about 
a central atom will split the degeneracy of the d orbitals 
in their own particular manner. In the case of a chalcogen 
aucm. in a trigonal prismatic environment, one of the d 
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orbitals is dropped in energy in comparison to the other 
four d orbitals (73). In the case of an octahedral symmetry 
three of the d orbitals have their energies lowered with 
respect to the other two d orbitals. The metal atoms can 
also be expected to have the degeneracy of the d orbitals 
split with respect to the energy levels of the isolated 
atom. This splitting of the d_orbitals to remove their 
degeneracy will result in the subsequent lowering of the 
energies of certain orbitals. Figgis (74) lists values 
of the electrostatic splitting of the energy levels for the 
first row transition metal oxides, sulfides, selenides and 
tellurides from Ti to Cu calculated on the basis of an 
+2 
electrostatic model for MX compounds consisting of M 
cations and X ^ anions.- The average crystal field splitting 
for these MX compounds is 59 kcal/mole with extreme values 
of 114 kcal/mole as a high and 29 kcal/mole as a low value. 
Orgel (72) lists spectroscopically determined crystal field 
splittings for transition metal complexes the average of 
which is 54 kcal/mole with high and low values of 97 kcal/ 
mole and 10 kcal/mole, respectively. Although the ionic 
model was rejected earlier as an explanation of bonding in 
metal-chalcogen systems, the consideration of crystal field 
splittings for various solids might be useful as an indi­
cation of the approximate energy involved in this effect. 
Both the calculated crystal field splitting energies of 
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Figgis and the observed ones of Orgel suggest that crystal 
field splitting energies are not trivial and can well be • 
expected to be effective in lowering the energy of the ^  
orbitals thereby making them more accessible for bonding. 
The second effect to stabilize the type of structure 
postulated for the transition metal monochalconides is the 
energy gained from the delocalization of electrons throughout 
the structure. The resonance energy of benzene is 36 kcal/ 
mole (75) or 6 kcal/mole per C-C bond. This amount of 
energy, 6 kcal/mole per C-C bond, is by no means insignifi­
cant. And, if this energy per bond is assumed to be the 
same order of magnitude in the transition metal monochalconides, 
this effect could be expected to be important in stabilizing 
structures of transition metal monochalconides. 
Unfortunately experimental values for the crystal field 
stabilization and delocalization energies are not available 
to corroborate what has been postulated with respect to their 
effect on stabilizing the transition metal monochalconide 
structures. However a simple series of calculations can 
be made to give an approximate measure of the sum of these 
two effects with respect to offsetting the rather high 
2 3 1 promotion energy to the s p d valence state of sulfur. 
Consider, for example, solid TiS (1) with the NiAs structure 
type. The chalcogen, s, in this structure is in a trigonal 
prism formed by six metal atoms. The calculated valence of S 
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in TiS, according to Pauling's er.pirical relation (Equation 
50), is approximately 4. Therefore, according to the bonding 
model under discussion, in TiS there are six bonds of 
approximately 2/3 order from the s atom to the metal atoms 
composing the trigonal prism, this bonding from the S atom 
can be conceptually considered to involve 4 single bonds. 
Therefore the energy (ak°)^ involved in the reaction: 
TiS(s) = Ti(g) (d^s) 4- S (q) (s'p'd^) (51) 
is that needed to break 4 single Ti-S bonds, assuming to a 
first order approximation that there is no Ti-Ti bonding in 
TiS (s),and yield the gaseous atoms in their supposed valence 
states. The energy involved in this process will include 
the 4 single Ti-S bond energies, uhe crystal field stabiliza­
tion energy and the delccalization energy. The value of 
(11-:°)., can be calculated from the following reactions: 
TiS(s) = Ti (g) (s"d") ^  S (g) (sjd^) , (AKC)^ (32) 
Ti (g) (s-d-) = Ti (g) (c/s) , (AK*)^ (53) 
S ( g ) =  S ( g ) ( s'o^d"), (AH°), . (54) 
The values of (76), (71) and (AHO)^ (71), are, 
respectively, 123 kcal/mole, 19 kcal/mole and 194 kcal/mole. 
Accordingly the value for (SH°)^ is given by 
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(AH°)^ = (AK°). ^  4- or (55) 
(AH°), = 341 kcal/n-.ole . (55) 
Now consider the dissociation energy of the diatomic "olecule 
TiS according to the following reaction: 
TiS(g) = ?i (g) (s'd") 4- S (g) (s^cT) , (AH°)_. (57) 
The value of (AH°)- is lOo kcal/nole (76) and is the energy 
required to rupture the bonds holding the gaseous nolecule 
together. It seens plausible to suggest that, at least to a 
first approximation, tv:o single bonds are involved in "che 
TiS gaseous molecule. This derives from the fact that the 
Ti atom by donating tv;c electrons ûo the S atom fills the p 
orbitals of the chalcogen. Ko promotion energy is needed in 
Equation 57 since the dissociated atoms are already in the 
valence state capable of forming %wo bonds. 
It is assumed in this simple approximation that the bond 
energy is proportional to the bond number. The apparent 
energy difference between a single Ti-S bond in the condensed 
TiS phase according to Zquauion 5S and a single Ti-S bond 
in the TiS gaseous molecule according to Equation 57 will 
then be a measure of the sum. of the crystal field and 
delccalization effects in solid TiS. The apparent energy of 
a single Ti-S bond in the condensed phase is (iH°)-./4 or 35 
kcal/mole, and the same Ti-S single bond in the gaseous TiS 
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molecule is (AH°)^/2 or 53 kcal/mole. The difference in 
these energy values is 32 kcal/mole which represents a con­
siderable, but not unbelievable, stabilization energy 
in solid TiS per mole of Ti-S single bonds involved in 
resonance and crystal field effects. 
In the case of the metal-rich chalconides, the same 
general physical properties are observed as those discussed 
by Rundle in the MX compounds, e.g., metallic luster and 
electrical conductivity, brittleness and high melting points. 
Consequently, it seems plausible to extend Bundle's bonding 
interpretation for MX compounds, i.e., delocalized electrons 
in directional bonds, to these metal-rich phases. The 
coordination of the chalcogen in these phases is, with few 
exceptions, trigonal prismatic with from zero to three 
augmenting atoms off the rectangular faces of the trigonal 
prism. These augmenting atoms, if they are bonded to the 
chalcogen and are not merely close non-bonded atoms, could 
result from the increased participation of outer orbitals 
of the chalcogen atoms, the promotion energy in turn being 
compensated by increased bonding, crystal field stabilization 
and delocalization energies. If in TigS one of the sulfur 
atoms is using all six of its valence electrons to form bonds 
each of order 2/3 to nine metal atoms arranged in an augmented 
trigonal prism about the chalcogen and if to a first approxi­
mation each Ti-S single bond formed in TigS returns 85 
14 4 
kcal/ir.ole due to bonding, crystal field stabilization and 
delocalization effects, zhen the arr.ount of energy returned 
by the sulfur in bonding to nine notai atons in this nanner 
will be 510 kcal/nole. This anoun% of energy ccnpares 
quite favorably with zho pronotion energy listed by Kebster 
(69) fron a Hartree-Fock £C? calculation for the valence 
7 13 9 
state F(s o d"), nanely 364 kcal/nole. This valence 
configuration will allow naxinun bond formation for the 
chalcogen, in this case sulfur, by r.aking six unpaired 
electrons available for bonding. 
C. A Discussion and Comparison of the Metal-Rich 
Sulfides and Selenides of the Group IV3 
and V3 Transition Metals 
The known phases of r.etal-rich chalconides i.e..- where 
M and C are the appropriate notai and chalcogen, respectively, 
and n >_2.00, are Ti^S (20), Ti^Se, Zr.S (52), Zr^Se, 
2 
Zr^-Sg , I-If„S (21) and Kf^Se for the Group IV3 netals and 
a-V_S (19), ?-V S (13), Kb-,Sg (22), Kb^Se (77), Ta 5 and 
1 A CrT b ouo nerais. 'mere exisus a c_ain ov 
Zrenenko and Listovnichii (7 3) for the possible existence 
in zhe Ti-S systen of a Ti.S phase with the Ti^P (75) 
S—»  ^ f —' # — \ e  ^
rniversity of Science and Technology, Anes, Iowa. Discussion 
>f the Zirconiun-Sulfur Svsten. Private connunication. 1969. 
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structure type. 3. R. Conard"" has recently clairr.ed "che 
existence of a phase in the Zr-S system with the approximate 
stoichiometrv Zr_S. Kcwever, additional comments on the 
Ti^S and Zr„S phases must await the result of further careful 
work in these respective systems. 
In connection with the known structures of the metal-rich 
sulfides and selenides of the Group IVB and VB metals, three 
distinct structural features of these phases will be dis­
cussed in this section. The first point will deal with the 
noticeable absence of structure, in which C is the 
chalcogen and M is a Group V3 metal, exhibiting the Ta„? 
structure type. A continuation of the discussion of this 
point will deal with an explanation for the presence of 
the channels devoid of auomic centers running through the 
crystal lattices of -he Ta^S and A'b^Se (77) structures. The 
second point will deal with the tendency toward aggregation 
b\' metal atoms to form the metal columns observed in Ta-S 2 
and Ta,3. This tendencv is not exhibited b^; anv other known 
metal-rich chalconide or pnictide structure. The third point 
of this section will be concerned with the disparity in 
behavior of the coordination polyhedra about the Hf atoms 
in ::f,S and Hf-Se as compared with that found in Hf,? and A 2. • > 
:-:f,As, noting the similarity in behavior for Ta in Ta^S 
1 
^Conard, ibid. 
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as compared with that found in TagP. 
1. The non-existence of an M2S or MgSe phase, with M a Group 
VB metal, exhibiting the TagP structure 
The Group IVB metals, with the exception of Hf, form 
dimetal sulfides and selenides with the TagP structure type 
which is structurally characterized by a trigonal prismatic 
coordination polyhedron about the chalcogen and a more or 
less distorted body-centered cubic (bcc) environment about 
each metal atom. The coordination number for the chalcogen 
atoms in these phases isostructural with Ta2P is quite high, 
namely six to nine. The calculated valence using Pauling's 
empirical relation (Equation 50) for the chalcogen atoms in 
these phases is quite high, namely about 4. The densities 
of these phases are comparable in magnitude to the densities 
of the metals, e.g. , for TigS, p=4.8 g/cc and for Ti, 
p=4.5 g/cc (20, 80). 
The Group VB metal-rich chalconides can profitably 
be viewed as belonging to either one of two groups, Group 
I and Group II, neither of which exhibit the Ta2P structure 
type. The first group. Group I, is characterized by phases 
with the stoichiometry M^C for which n>2.00. For these phases 
the coordination of the chalcogen atom is high, between 
six and nine, and the valence of the chalcogen atom, calculated 
using Pauling's empirical equation (Equation 50), is high. 
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about 4. The densities of these phases are quite high 
in comparison with those of the rr.etals: for Nb2-| Sg and 
Nb (22, SO), p=8-8 q/cc and 8.6 g/cc, respectively, for 
a-V^S, g-VgS and V (19, SO), p=5.90 g/cc, 5.94 g/cc and 
6.0 g/cc, respectively, for Ta^S and Ta, p=15.18 g/cc 
and 16.7 g/cc, respectively (30). The second group. Group 
II, is characterized by phases exhibiting a stoichionetry 
M^C. The members of this group include the Ta^S and Nb^Se 
phases. The coordination nurriber about the chalcogen atom 
in these phases is between four and six. The calculated 
valence of the chalcogen in these phases is significantly 
lower than 4, generally about 3. The densities of these 
phases are lower than zhe densities of the parent metals: 
for Ta2S and Ta (80), p=12.39 g/cc and 16.7 g/cc, respective­
ly, and for Nb^Se and Xb (77, 80), p=7.S8 g/cc and 8.6 
g/cc, respectively. 
The differences in densities can be more profitably 
viewed as the percentage of void regions in the respective 
unit cells assuming the atoms to be approximated by hard 
spheres with the respective radii given by Slater (46). 
For a-V^S, .S-V^S, Nb^-Sg and Ta^S, the percentage of void re­
gions are 32%, 32%, 35% and 34%, respectively. And for 
Ta^S and Nb_Se,both Grouc II chases, the percentage of void 
Z 2 - -
region in the respective unit cells is 43% for both 
structures. The percentage of void soace is significantlv 
148 
higher for the Group II phases than for the Group I phases. 
The Group II phases, TagS and NbgSe, are both structural­
ly characterized by channels devoid of atomic centers which 
run through the respective unit cells. These empty channels 
are surrounded by arrangements of non-bonded chalcogen atoms 
in TagS and Nb2Se. In TagS the shortest S-S distance is 
O 
2.86A, and in Nb2Se the shortest Se-Se distance is 
3.43Â (77). 
The structures of Group IVB dimetal sulfides and 
selenides can profitably be considered from the viewpoint of 
valence electron concentration (v.e.c.) per M2C unit. For 
TigS, TigSe, ZrgS and Zr^Se, the v.e.c. is equal to 
2 X 4 + 6 or 14 electrons. For HfgP, HfgAs and TagP, the 
v.e.c.'s are 13, 13 and 15 electrons, respectively- The 
v.e.c. for both Ta2S and NbgSe is 15 electrons. Therefore, 
it seems reasonable to suggest that for a hypothetical M2C 
phase exhibiting a v.e.c. greater than 15 the Ta2P structure 
is destabilized with the resultant structure becoming either 
a Group I or a Group II structure. For the formation of the 
Group I phases, it is suggested that the hypothetical M2C 
phase with the Ta2P structure type disproportionates to yield 
one phase more chalcogen-rich than M2C and one phase, 
possessing the structural properties described for the Group 
I phases, more metal-rich than M2C. As for the Group II 
phases, the stoichiometry of the phase remains M2C. However, 
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in this case it is suggested that the additional electrons 
in excess of 15 valence electrons per M2C unit are located 
in non-bonding orbizals directed into the region of the unit 
cell through which the er.pty channel runs. According .to 
this suggestion the void channels in Ta^S and Xb-Se are 
not really void regions at all, but are rather occupied 
by electrons in orbitals directed into these regions. In 
other words, the sulfur-sulfur and selenium-selenium 
contacts across the channels are the typical van der Waal's 
contacts of non-bonded atoms. 
2. The mozal column formations in the Ta^S and Ta,-S 
The bonding in metal-ch^lcogon systems has been discussed, 
as pointed out earlier in this section, in terms of radius 
ratios. In fact in a rcccnt review article, Hulliger (7 3) 
states -with regard to metal-rich chalconides and pnictides 
that: "In these phases an optimal filling of space is aimed 
at and their structures are therefore in most cases deter­
mined by the radius ratios of the constituent elements." 
Admittedly for the phases exhibiting the Ta.P structure type, 
Hf^S, Hf^Se, Ci- and 2-V^S, Kb,Se and Kb^^Sg the directional 
nature of the bonding about -he metal atoms in these 
structures is not self evident. Accordingly some investi-
crators have described these structures on the basis of radius 
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ratio arçurr.ents. 
However in both the Ta^S and Ta^S structures, the 
directional bonding in the interpenetrating icosahedra form­
ing the metal columns is clearly evident. The difference 
in structure between Ta^S and Ta^P cannot be explained on 
the basis of radius ratios and an optimal filling of space 
in the Ta^S structure. , The atomic radius of sulfur is the 
O 
same as that for phosphorus, namely l.OOA (46). Accordingly 
the radius ratios of sulfur to tantalum and phosphorus to 
tantalum are identical. Secondly the structure of Ta-S 
cannot be said to be optimally filling space since the 
percentage void space in Ta.S is 42.%, compared with 35Î; 
for Ta^P. Since the general physical properties observed 
in Ta_S and Ta^S do not differ from those observed for 1 Û 
other metal-rich chalconides and pnictides, it can be 
suggested that the same type of bonding is present in all 
metal-rich chalconide and pnictide phases, namely, as 
described earlier in this discussion, a directional covalent 
bonding between atoms involving delocalized electrons. 
h.owsva 
— r this general bonding description doesn' 
:ne Girrerence in metai cooraination founc. in Ta^s anc 
The metal coordination in structures exhibiting that 
Ta-? structure type is high, 10 to 11, with eight of these 
forming a more or less distorted bcc -environment about each 
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metal atom. Remnants of this bcc structure can be seen 
around the metal atoms in both Nb2Se and Nbg^Sg. The metal 
coordination about .V in both a- and B-V^S is quite complex 
and not easily described. The coordination polyhedron about 
Hf in HfgS and HfgSe is a distorted octahedron composed of 
three Hf atoms and three chalcogen atoms, while the Hf 
atoms in HfgP and HfgAs, both of which exhibit the Ta^P 
structure type, are found in a bcc environment. More will 
be said about Hf in the four phases HfgS, HfgSe, HfgP and 
HfgAs, but first the Ta coordinations are considered. The 
configuration of Ta atoms in both Ta^S and Ta^S is unique 
for any metal in any metal-rich chalconide or pnictide 
phase. 
It has already been pointed out that attempts to inter­
pret this strange ability of Ta. to form columnar aggrega­
tions of metal atoms on the basis of radius ratio arguments 
were totally unfruitful. Accordingly it was decided to 
consider this behavior not as a simple size effect, but rather 
the result of the specific behavior of electrons on the 
Ta atom. 
Brewer (81) has discussed the ideas of Engel correlating 
the tendency of a metal to be found in a given coordination 
polyhedron in the condensed state with the promotion energy 
required to obtain the gaseous metal atom in a given 
electronic configuration. Accordingly Brewer and Engel 
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correlate the electronic configuration of the metal with one 
valence ^  electron in the gas state with a bcc structure and 
one valence £ and one valence o electron with a hexagonal 
closest packed (hep) structure for the metal in zhe condensed 
state. If two excited states have the sa~e number of un­
paired electrons available for bonding, and if the bond 
energies for the two excited states are comparable, then 
the state with the lowest promotion energy will be favored 
in the condensed suate. Table 29 lists the promotion 
energies, according to Moore (71)/ for the Group V3 metals 
3 2 5 3 
ror the lowest c~'s , d's, d and d so states with the maximum 
electron multiplicicv for the gaseous atoms. On the basis 
of the Brewer-Zngel correlation, one would expecz the bcc 
structure to be found for the elements in the condensed 
state, and this is the structure observed for these metals. 
Table 27. Promotion energies for the Group V3 metals in 
kcal/mole 
Metal d"s(^D) d=(°S) d^spf^G) 
"7 0 6 58 47 
Mb 3 0 32 43 
Ta 0 28 34 50 
Furthermore, in both the Kb^Se and Mb^-,Sp structures, the 
mecal atoms can be observed to be at the center of a more or 
less distorted bcc environment consisting of both metal and 
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non-metal atoms. Extending the Brewer-Engel correlation to 
chalconides, this behavior can be related to the promotion 
4 
energy from the ground state to the d s state for the gaseous 
4 
metal atoms. According to Table 27, the d s state is the 
3 2 ground state for the Nb atom in the gas state. The d s 
state is not very interesting from the viewpoint of bonding 
since there are only three unpaired electrons available for 
bond formation. The next two excited states, the d^ and 
the d^sp, are energetically quite removed, namely by 32 
kcal/mole and 48 kcal/mole, respectively, from the d^s 
4 ground state. Accordingly, the d s state will make an im­
portant contribution to the valence state of Nb in con­
densed phases. Therefore it is no surprise to find that 
in the Nbg^Sg and NbgSe structure and in a metal-rich 
phosphide Nb^P^ (82) many Nb atoms are in a more or less 
distorted bcc arrangement of atoms. 
With respect to the situation for Ta, the ground state 
3 2 
of the gaseous atom is d s , a rather uninteresting state 
from the point of bonding consideration. The first excited 
4 
state is not unexpectedly the d s state, 28 kcal/mole above 
the ground state. However, the second excited state, the 
d^ state, is 34 kcal/mole above the ground state or only 6 
kcal/mole above the first excited state, the d^s state. 
4 5 Therefore it can well be expected that the d s and the d 
configurations can interact in the condensed state. It is 
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suggested that indeed this is the case with regard to the 
valence configurations of the Ta atoms in Ta^S and Ta,S. 
'6' 
in conjunction v.-iuh the use of the d c - ; T - rn . 
bonding. Brewer (81) suggests that for two of the poly­
morphic forms, a and 3, of Xn metal, in addition uo various 
atoms having the and d^so configurations in which the 
majority of the bonding would be done by electrons in the 
valence ^  and c orbitals, some of the Mn auoms could have 
5 2 the d s configuration in which all the bending interaction, 
since uhe two valence ^  electrons are unavailable for bonding, 
5 3 9 
would arise from the portion of the d s~ configuration. 
Consequently, the metal columns in Ta^S and Ta^S can be con-
presuma.oiy tne c s~ conriguration is important in stabilizing 
these polymorphic structures of -In. It can be suggested 
 ^ _•— : c ci \ 
metal structures and the electrons necessarv to stabilize 
these structures, and that Ta me: 
available orbitals to form a complex metal structure as is 
found in the Ta^S and Ta,S structures but not the electrons 
necessary to stabilize this type of metal framework. The 
sulfur could wall be imagined to supply a sufficient number 
of valence electrons to stabilize the metal chains found 
-I ÎÎ C? ^ -v» fs rr. ^ Q 
— - — — G' ^  ZD • Z O 
'.••7ith recard to this suggested explanation, an explanation 
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for tha disoaritv betv.-aon the Ta^S and -a„? structures can 
also be suggested. An interpretation for the lack of Ta 
chains in the case of Ta,? could be suggested in terras of 
a valence electron concentration: the sulfur ato.Ti supplies 
a sufficient nuriber of valence electrons to nake the 
configuration of Ta ir.'.oortant in bonding, while in the case 
of phosphorus the stare of Ta is not involved in bonding 
in the Ta.P structure as a consequence of an insufficient 
number of valence electrons on phosphorus as concared with 
sulfur. Accordingly, i- Ta^P only the valence d"s con­
figuration is involved in bonding, and this state is 
associated with the boo environment found about the Ta atom 
in Ta„?. 
3 . A su-rastr-d inter:)retation for the anomalous -ezal 
coordination found in Hf,S and Hf^Se as compared with 
•chat observed in Ti^S, Ti^Se, Zr„S, Zr^Se and Zr^,Sg 
All the dimetal sulfides and selenides of Zr and Ti 
are isostruczural wrth the Ta-? structure type. The ohase 
Zr--S_ is isostructural wizh ^b_.S_. Of concern is the fact 
c o 
zLiaz uhe coordination about each -metal atom in bo%h Zrv-S._ 21. o 
and the structures isostructural with Ta_? is more or less 
distorted bcc, whereas in both Hf,S and Ef^Se the metal atoms 
are in a distorted octahedron composed of three metal atoms 
and three non-metal atoms. Surprisingly, however, both 
156 
Hf2P and HfgAs are isostructural with TagP. Obviously 
any attempt to account for the variance of the HfgS and 
HfgSe structures from the TagP structure exhibited by Zr^S, 
ZrgSe, TigS, TigSe, HfgP and HfgAs on the basis of radius 
ratio arguments is doomed to failure since the atomic radii 
O 
of Hf and Zr are equal (1.45A) and the atomic radii of S 
O 
and P and of Se and As are also equal, namely 1.0OA and 
O 
1.15A, respectively, according to Slater (46). 
Therefore an interpretation of this disparate behavior 
of Hf will be suggested on the basis of the Brewer-Engel 
correlation, as was the case for Ta in the TagS and TagP 
structures. Table 28 lists the promotion energies, accord-
2 2 3 ing to Moore (71), to the lowest spectroscopic d s , d s 
2 
and d sp states with the maximum electron multiplicity for 
Table 28. Promotion energies for the Group IVB metals in 
kcal/mole 
Metal d^s^ (^F) d^s (^F) d^sp (^G) 
Ti 0 19 45 
Zr 0 14 42 
Hf 0 40 51 
the gaseous atoms of the Group IVB metals. It is interesting 
to note that the stable form of the Group IVB metals at room 
temperature is the hexagonal closest packed arrangement of 
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azo—s v:hich, accordi^ç to the Erevjer-Engel correlation, is 
2 
associated with the d so configuration, the second excited 
state above the ground suaue, while the body centered cubic 
arrangement associated with the first excited suaue, the 
A 
d "s configuration, of uhe rrietal is the high temperature 
form of the element. vhe hop to bcc transition temperatures 
arell55^K for Ti, 1150*:C for 2r and 2023°K for Hf (33) . This 
inversion of the hop and bcc configurations for the ele­
ments, as would be predicted by the Brov;er-Sngel correla­
tion, means that in the elementary form 2. orbitals afford 
stronger bonds zhan do d orbitals for these metals. 
For 'li and Zr, according uo the Brewer-Cngel correlation, 
the d"^s suaue is the low<jst interesting valence state and 
would be expected to be the valence configuration of the 
2 
metal in the condensed stare since the d s" state lies 
26 kcal/mole and 23 kcal/mole, respectively, above uhe d"^£ 
lies at 51 kcal/mole above uhe ground state or only 11 
kcal/mole above the d""s state. Therefore, assuming the 
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promotion energies to the various valence states in the 
gaseous atoms do not drastically differ in energy nor in 
relative position for the atom in the condensed state, a 
certain amount of interaction could be expected to occur 
3 2 between these two levels, the d s and the d sp, for Hf. 
The existence of the two phases Hf2As and HfgP with the 
TagP structure type indeed suggests that, as was the situa­
tion for Ta in TagS and TagP, this is what is happening 
here. For Hf in HfgP and HfgAs, there are an insufficient 
2 
number of valence electrons to effectively use the d sp 
state of Hf in bonding. Consequently for HfgP and HfgAs 
only the d^s state of Hf is involved in bonding, and so 
the Hf atoms in Hf2P and HfgAs are all found in a more 
or less bcc environment. However, since the chalcogen 
atom has one more valence electron than does the pnicogen 
atom, in Hf2S and HfgSe the metals atoms are effectively 
2 
using the second excited state, the d sp configuration, in 
addition to the d^s state in bonding. In other words, Hf in 
HfgS and HfgSe is using a considerable amount of £ valence 
orbitals in bonding while the metal in HfgP and HfgAs is 
using primarily only the valence ^  and d orbitals. 
The Brewer-Engel correlation also suggest an explanation 
for the difference in metal coordination in the HfgS and TagS 
3 4 
structures. The d s and d s states for Hf and Ta, 
respectively, lie lowest in energy for both metals in the 
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gas sta-ce, and in the ease that higher valence states are not 
involved in bonding, the aro~ic configuration about both I-If 
:orr.s in Li. svsrerp.s coui.a oe ex'oec"; 
to be %he san;e, namely bcc, as is the case in and Ta^P 
however ir svniineurioaj.xV ciizierent mener va^e: s%a%es 
or ?a becane involved in bonding, then the coordina­
tion syru-etry acout tne two ::.eta_s, ;oui.G 
exoecteû to oe amerent. Acccrainglv tnis is tne .oenavic 
d^ si 
seems to be indicated for Ta in Ta^S where the d "s anc 
:a%es are irr.oorranz in bondinc while for Hf in Hf„S 
- z 
l"^s and d"s3 valence states are i~portant in bonding. 
160 
X. CONCLUSIONS 
There exists in the metal-rich region of the tantalum-
sulfur system two phases, TagS and Ta^S, which have not been 
previously reported. In the metal-rich regions of the 
titanium-, zirconium-, and hafnium-selenium systems, there 
exists three new phases: TigSe, ZrgSe and HfgSe, respectively. 
The physical properties of these phases are explained 
in terms of delocalized electrons in directional bonds as 
was originally proposed by Rundle to explain bonding in 
transition metal monoxides, mononitrides and monocarbides 
exhibiting the NaCl structure. It was proposed that the 
chalcogen atoms uses outer ^ orbitals in bonding in metal-
rich chalconide phases. 
The occurrence of the two metal-rich chalconide 
structures for the Group VB metals was proposed to be the 
result of a valence electron concentration effect. An 
explanation for the coordination about the metal atoms in 
the metal-rich chalconide structures was suggested in terms 
of both the Brewer-Engel correlation and a valence electron 
concentration effect. 
161 
xi. 'suggestions fof further research 
In view of the uncommon configuration of metal atoms in 
TagS and Ta^S, the tantalum-selenium system should be in­
vestigated to determine if the phases present there resemble 
those found in the Ta-S system with respect to the coordi­
nation about the metal atoms. If metal-rich phases in the 
Ta-Se system were found to be similar from the point of 
view of metal coordination, this would corroborate the 
bonding explanation proposed in this thesis for the metal 
columns found in Ta.S and Ta_S. 2 6 
It would be interesting to determine if there exist 
phases VgS, NbgS and a phase more metal-rich than NbgSe, 
and to determine the structures of these phases to check 
the validity of the bonding scheme proposed in this thesis 
for the two general types of metal-rich Group VB chalconide 
structures. 
In view of the disparity in the metal coordination found 
for Hf in HfgP and Hf^S structures and for Ta in the Ta2P 
and TagS structures for which an explanation has been 
suggested in terms of a valence electron concentration 
difference between S and P, it would be very interesting to 
prepare and determine the structure of a phase having the 
stoichiometry Hf^PS or Ta^PS. 
A more thorough knowledge of the electrical and magnetic 
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properties of the metal-rich chalconides would be most use­
ful in formulating a more quantitative bonding description 
for these phases. 
During the study of the metal-rich region of the Ta-S 
system, it became evident that there exists a previously 
unreported Ta-S vapor species of considerable importance. 
The determination of the precise nature of this vapor 
species, both with regards to a determination of its stoichio-
metry and thermodynamic properties, would constitute a very 
worthwhile project. 
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